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Protein Kinase C--Mediated Signals Enhance CD4ⴙ T Cell
Survival by Up-Regulating Bcl-xL1
Santhakumar Manicassamy, Sonal Gupta, Zhaofeng Huang, and Zuoming Sun2

A

n efficient adaptive immune system requires the capability of rapid expansion as well as reduction of immune
cells. T cells meet such requirements as they can be
induced toward proliferation, anergy, or apoptosis dependent on
the signals received via TCR. Naive T cells are activated to proliferate in response to foreign Ags, which is a critical step in adaptive immunity. Meanwhile, T cells are ready to undergo apoptosis
or anergy when engaged with self Ags, which is an important
mechanism for self-tolerance. T cells therefore have developed
complicated mechanisms to balance the survival and apoptotic
signals.
Productive engagement of TCR leads to T cell activation, resulting in proliferation and production of IL-2. Proliferating T cells
especially at S phase of the cell cycle are susceptible to apoptosis
(1, 2). TCRs deliver signals that are required not only for stimulating proliferation, but also for enhancing survival (3, 4). Such
survival signals ensure the completion of the T cell activation process essential for differentiating naive T cells to effectors that mediate actual immune responses (2). During T cell activation, survival of the T cells is enhanced by IL-2, which acts as an extrinsic
survival factor. In addition, activated T cells substantially up-regulate Bcl-xL that intrinsically increases the ability of resistance to
apoptosis (2, 5, 6). CD28, the costimulatory molecule, mediates
the critical signals required for up-regulation of Bcl-xL during T
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cell activation (2, 4, 5). It was reported that distinct motifs within
the cytoplasmic domain of CD28 regulate T cell proliferation and
induction of Bcl-xL (7), suggesting differential signals are responsible for these two CD28-regulated biological effects. PI3K is required for CD28-mediated induction of Bcl-xL, as up-regulation of
Bcl-xL is prevented by a pharmacological inhibitor of PI3K, and
by mutation of the CD28 residues essential for PI3K activation (7,
8). Akt, a target of PI3K, has been shown to mediate T cell survival
by regulating Bcl-xL most likely via activation of NF-B (9). Furthermore, functional NF-B binding sites were identified on the
promoter region of Bcl-xL gene (10, 11). Therefore, the current
model is that PI3K/Akt pathway-mediated activation of NF-B is
responsible for stimulating Bcl-xL expression, resulting in enhanced survival of T cells.
In response to TCR stimulation, protein kinase C (PKC)3- is
selectively translocated to the immunological synapse (12, 13) and
mediates the critical signals required for T cell activation (14 –16).
By gene targeting, we, as well as Pfeifhofer et al. (15, 16), showed
that among 11 different isoforms of the PKC family, PKC- is
selectively required for T cell activation. Mature T cells obtained
from PKC-⫺/⫺ mice failed to proliferate and produce IL-2 upon
TCR stimulation due to defective activation of NF-B and AP-1,
and these observations are supported by several in vitro studies in
Jurkat T cells (17–20). PKC--mediated activation of NF-B requires recruitment of signaling complexes containing the scaffold
protein CARMA-1, the caspase recruitment domain-containing
protein Bcl10, and the paracaspase MALT1 and PDK1 (21, 22). Li
et al. (20) reported that PKC- activates AP-1 via stimulating a
Ste20-related upstream MAPK Ste20-related proline-alanine-rich
kinase. In addition, two recent articles demonstrated that PKC-
stimulates NF-AT translocation to the nucleus by enhancing TCRinduced Ca2⫹ influx (15, 23). PKC-, therefore, regulates multiple
signaling pathways critical for T cell activation. The unique role of
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Productive engagement of TCR results in delivering signals required for T cell proliferation as well as T cell survival. Blocking
TCR-mediated survival signals, T cells undergo apoptosis instead of proliferation upon TCR stimulation. During the activation
process, T cells produce IL-2, which acts as an extrinsic survival factor. In addition, TCR stimulation results in up-regulation of
Bcl-xL to enhance T cell survival intrinsically. We show in this study that protein kinase C (PKC)- is required for enhancing the
survival of activated CD4ⴙ T cells by up-regulating Bcl-xL. In response to TCR stimulation, CD4ⴙ PKC-ⴚ/ⴚ T cells failed to
up-regulate Bcl-xL, and underwent accelerated apoptosis via a caspase- and mitochondria-dependent pathway. Similar to PKC-deficient primary CD4ⴙ T cells, small interfering RNA-mediated knockdown of PKC- in Jurkat cells also resulted in apoptosis
upon TCR stimulation. Forced expression of Bcl-xL was sufficient to inhibit apoptosis observed in PKC- knockdown cells.
Furthermore, ectopic expression of PKC- stimulated a reporter gene driven by a mouse Bcl-xL promoter. Whereas an inactive
form of PKC- or knockdown of endogenous PKC- led to inhibition of Bcl-xL reporter. PKC--mediated activation of Bcl-xL
reporter was inhibited by dominant-negative IB kinase ␤ or dominant-negative AP-1. Thus, the PKC--mediated signals may
function not only in the initial activation of naive CD4ⴙ T cells, but also in their survival during T cell activation by regulating
Bcl-xL levels through NF-B and AP-1 pathways. The Journal of Immunology, 2006, 176: 6709 – 6716.
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PKC- in T cell activation is also indicated by the absence of
similar defects in T cells deficient in other isoforms of PKC. In this
study, we show that in addition to mediating T cell activation,
PKC- is also required for enhancing CD4⫹ T cell survival during
the activation process by up-regulating Bcl-xL.

Materials and Methods
Mice
PKC-⫺/⫺ mice were described previously (16, 24). Mice were maintained
in the specific pathogen-free facility of University of Illinois following the
university guidelines.

Plasmids

Isolation of CD4⫹ T cells
Spleens and mesenteric lymph nodes were removed from 8- to 12-wk-old
mice. Single-cell suspensions were then made by crushing organs through
a cell strainer. RBC were lysed with ACK lysis buffer. Afterward, CD4⫹
cells were purified using CD4⫹ isolation kit (Miltenyi Biotec), according to
manufacturer’s protocol. The purity of T cells, determined by flow cytometry, was ⬎90%.

Proliferation assays
Purified CD4⫹ T cells were cultured in a 96-well plate at 2 ⫻ 105 cells/well
in 100 l of RPMI 1640 medium supplemented with 10% FCS, 2 mM
L-glutamine, 50 U/ml penicillin/streptomycin, and 50 mM 2-ME. Cells
were then stimulated for 72 h by precoated 1 g/ml anti-CD3 Ab (clone
145-2C11; BD Pharmingen) and 2 g/ml anti-CD28 (clone 37.51; BD
Pharmingen). Murine rIL-2 (R&D Systems) was added, as indicated. Labeling of cells with CFSE (Molecular Probes) for measurement of the
proliferative responses was performed, as described (25). The decline in
CFSE fluorescence intensity was determined by FACS analysis.

Apoptosis assay
Purified splenic CD4⫹ T cells were cultured in the presence or absence of
25 U/ml mouse rIL-2 (R&D Systems) and stimulated, as described, in
proliferation assay for various times. Cells were then washed once with
ice-cold annexin V binding buffer (10 mM HEPES (pH 7.5), 140 mM
NaCl, 5 mM KCl, 1 mM MgCl2, and 1.8 mM CaCl2) and stained with
PE-conjugated annexin V and 7-aminoactinomycin D (BD Pharmingen),
according to the manufacturer protocol. Detection of apoptotic cells was
performed on a FACSCalibur with CellQuest software (BD Biosciences).
As for Jurkat cells, 107 cells in 300 l of serum-free medium were transfected by electroporation with 15 g of the PKC- siRNA or scrambled
siRNA expression plasmids together with 25 g of the Bcl-xL or Bcl-2
expression plasmids. siRNA expression plasmid also contains a GFP gene
driven by an independent promoter, so that the transfected cells can be
monitored by GFP expression. Identical amounts of the corresponding parental vectors were used in controls to ensure equal amounts of DNA. After
24 h, cells were incubated for 18 h with OKT-3 (1 g/ml) and anti-CD28
(2 g/ml) and cross-linked with a secondary goat anti-mouse Ig (10 g/
ml). Percentage of apoptosis was measured by gating on the GFP-positive
cells, as described above. To examine apoptosis by mitochondrial depolarization, cells were stained with 100 nM tetramethylrhodamine ethyl ester
(TMRE; Molecular Probes). Fifteen minutes after staining, cells were
washed once with ice-cold PBS, collected, and subjected to FACS analysis.

Luciferase assays
A 1-kb Bcl-xL promoter element was cloned upstream of a luciferase gene
(pGL2 vector), as described previously (26). Jurkat cells (107/ml) were
transfected by electroporation with 5 g of the Bcl-xL reporter or NF-B
or AP-1 luciferase reporter plasmid together with 15 g of the PKC-

siRNA or scrambled siRNA expression plasmids or 15 g of different
indicated expression plasmids. Identical amounts of the corresponding parental vectors were used in controls. For normalization, 100 ng of the
Renilla luciferase reporter, pTK-Renilla-LUC, was used. After 36 h, cells
were incubated for 8 h with OKT-3 (1 g/ml) and anti-CD28 (2 g/ml),
and cross-linked with a secondary goat anti-mouse Ig (10 g/ml). Cells
were then lysed and assayed for dual luciferase activity (Promega).

Results
PKC- is required for T cell survival
To determine whether PKC- plays a role in T cell survival, we
first examined the apoptosis of the CD4⫹ T cell purified from
PKC-⫺/⫺ mice. Purified CD4⫹ T cells from wild-type and PKC⫺/⫺ mice were cultured in medium or stimulated with antiCD3/28 Abs, and the apoptotic cells were then detected by annexin
V (Fig. 1a). Without stimulation, PKC-⫺/⫺ CD4⫹ T cells displayed slightly, but consistently more apoptosis (⬃5% more) than
that of the wild-type mice. However, in response to CD3 and
CD28 stimulation, PKC-⫺/⫺ CD4⫹ T cells underwent rapid apoptosis compared with wild-type cells. Apoptosis of the PKC-⫺/⫺
CD4⫹ T cells were effectively inhibited by treatment with IL-2 (5
ng/ml), a cytokine known to enhance T cell survival (6). Furthermore, the observed apoptosis was prevented by a pan-caspase inhibitor, zVAD. We then examined apoptosis in a time course.
Spontaneous apoptosis was determined when T cells were not
stimulated (Fig. 1b). There was no significant difference in apoptosis of freshly isolated cells (0 h) between wild-type and PKC⫺/⫺ mice. After 24 or 48 h in medium, again slightly more apoptotic cells (⬃5–10% more) were detected in PKC-⫺/⫺ CD4⫹ T
cells. However, in response to CD3 and CD28 stimulation, significantly more apoptotic cells were detected in CD4⫹ T cells obtained from PKC-⫺/⫺ mice than that from wild-type mice at all
the time points that we examined (Fig. 1c). The difference in apoptosis between wild-type and PKC-⫺/⫺ mice increased progressively with the time of stimulation. Approximately 80% of PKC⫺/⫺ CD4⫹ T cells were dead 48 h after TCR stimulation, whereas
only about less than 30% of the wild-type T cells were dead. Altogether, these results suggest that PKC--deficient CD4⫹ T cells
possess an intrinsic defect in survival upon activation.
To determine whether PKC-⫺/⫺ T cells stimulated with a ligand instead of Ab cross-linking undergo apoptosis, PKC-⫺/⫺
mice were bred to TCR transgenic mice (DO11.10) that express
TCRs with a single specificity for OVA. Splenocytes obtained
from DO11.10 and PKC-⫺/⫺ DO11.10 mice were stimulated with
OVA peptide, and the apoptosis was then examined (Fig. 1d). Similarly, TCR stimulation accelerated apoptosis of PKC-⫺/⫺
DO11.10 T cells, and IL-2 treatment prevented apoptosis. Previously, we have concluded that PKC-⫺/⫺ T cells are required for
T cell proliferation in response to TCR stimulation based on the
[3H]thymidine incorporation assay (16). We therefore examined
[3H]thymidine incorporation of OVA-activated T cells (Fig. 1e).
Indeed, compared with the wild-type T cells, PKC-⫺/⫺ DO11.10
T cells displayed defects in incorporating [3H]thymidine, confirming previous results.
It is possible that the observed defective [3H]thymidine incorporation was due to apoptosis of the PKC-⫺/⫺ T cells, but not due
to defective proliferation. We therefore labeled CD4⫹ T cells with
fluorescent dye, CFSE, which allows direct detection of T cell
division by decreasing intensity of CFSE with each division (Fig.
1f). Without stimulation, both wild-type and PKC-⫺/⫺ T cells
displayed a single CFSE peak, confirming lack of proliferation. In
response to TCR stimulation, wild-type CD4⫹ T cells proliferated
vigorously, as expected, indicated by five distinct CFSE peaks.
Consistent with the role of IL-2 in stimulating T cell activation,
proliferation of the wild-type T cells was further enhanced by IL-2
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The wild-type, constitutively active, or dominant-negative (DN) human
PKC- expression vectors, and flag-tagged murine PKC- were gifts from
X. Lin (M.D. Anderson Cancer Center, Houston, TX) and A. Altman (Division of Cell Biology, La Jolla Institute for Allergy and Immunology, San
Diego, CA). Small interfering RNA (siRNA) for human PKC- was designed and synthesized, as described previously (24). A pSuper construct
expressing a scrambled siRNA served as a control. AP-1 plasmids are gifts
from Y. Hu (Department of Biochemistry and Molecular Genetics, School
of Medicine, University of Virginia, Charlottesville, VA). Expression plasmids for IB kinase (IKK)␤ and p65 were obtained from R. Ye (Department of Pharmacology, University of Illinois, Chicago, IL).
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treatment (5 ng/ml). In contrast, the majority of the PKC-⫺/⫺
CD4⫹ T cells did not proliferate in response to TCR stimulation.
IL-2 treatment increased, but failed to rescue the defective proliferation to the wild-type levels. Thus, IL-2 treatment was able to
separate apoptosis from defective proliferation. Altogether, our results showed that PKC- is required for both T cell proliferation
and survival.
PKC-⫺/⫺ CD4⫹ T cells undergo apoptosis via caspase- and
mitochondria-dependent pathways
To further analyze the apoptosis observed in PKC-⫺/⫺ CD4⫹ T
cells, we examined caspase-3 and mitochondria potential, two crit-

ical parameters for apoptosis. Above experiments have shown that
zVAD can inhibit apoptosis, suggesting that caspases are involved.
We therefore examined caspase-3, because activation of this
caspase is believed to be a critical step in apoptosis. A significantly
increased cleaved caspase-3, the active form of caspase-3, was detected in PKC-⫺/⫺ CD4⫹ T cells stimulated with TCR cross-linking
(Fig. 2a), whereas no such increased cleaved caspase-3 was detected
in wild-type T cells, confirming that PKC-⫺/⫺ CD4⫹ T cells underwent apoptosis via a caspase-dependent pathway.
TMRE was then used to detect mitochondrial depolarization that
was usually associated with apoptosis (Fig. 2b). In contrast with
annexin V that stains apoptotic cells, TMRE stains only live cells,
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FIGURE 1. TCR stimulation induced PKC-⫺/⫺ CD4⫹ T cell apoptosis. a, CD4⫹ T cells purified from wild-type (WT) and PKC-⫺/⫺ mice were left
in medium (None) or subject to stimulation with anti-CD3 (1 g/ml) and anti-CD28 (2 g/ml) Abs. After 36 h, apoptotic cells were detected by flow
cytometric analysis of annexin V staining cells. Percentage of annexin V-positive cells was indicated. Effects of IL-2 (5 ng/ml) or caspase inhibitor zVAD
(50 M) treatment on apoptosis of PKC-⫺/⫺ CD4⫹ T cells were also determined. Numbers indicate the percentage of annexin V-positive cells. b,
Spontaneous apoptosis. Wild-type (䡺) and PKC-⫺/⫺ CD4⫹ (f) T cells were left in medium for different times, and the apoptosis was then detected with
annexin V. c, Increased apoptosis of PKC-⫺/⫺ CD4⫹ T cells after TCR stimulation. Wild-type (䡺) and KC-⫺/⫺ CD4⫹ (f) T cells were stimulated with
CD3/28 cross-linking for different times, and apoptosis was then detected with annexin V. d, Apoptosis of PKC-⫺/⫺ DO11.10 T cells. Splenocytes obtained
from DO11.10 (䡺) and PKC-⫺/⫺ DO11.10 mice (f) were left in medium (None) or subject to stimulation with OVA peptide (1 g/ml) and/or IL-2 (5
ng/ml) for 36 h. Apoptotic cells were then detected by annexin V. e, Defective proliferation of PKC-⫺/⫺ DO11.10 T cells. Splenocytes were either left
in medium or stimulated with OVA peptide (1 g/ml) and/or IL-2 (5 ng/ml) for 36 h. Activated cells were then pulsed with 1 Ci of [3H]thymidine for
18 h. f, Defective proliferation of PKC-⫺/⫺ CD4⫹ T cells. CFSE-labeled wild-type and PKC-⫺/⫺ CD4⫹ T cells were left in medium or stimulated with
CD3/CD28 cross-linking or together with IL-2 (5 ng/ml). After 72 h, cell division was analyzed by a flow cytometer. Data shown are representative of at
least three independent experiments.
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because binding to TMRE depends on mitochondrial membrane
potential that is lost due to depolarization in the process of apoptosis. The majority of wild-type T cells either stimulated or unstimulated are TMRE positive, suggesting intact mitochondrial
membrane potential in live cells. Without stimulation, the majority
of the PKC-⫺/⫺ CD4⫹ T cells were also TMRE positive. However, TCR stimulation led to significantly decreased TMRE staining for PKC-⫺/⫺ CD4⫹ T cells, indicating mitochondrial depolarization, whereas IL-2, which was shown to inhibit PKC-⫺/⫺
CD4⫹ T cell apoptosis (Fig. 1a), prevented mitochondrial depolarization, indicated by the increased TMRE-positive population.
These results strongly suggest that apoptosis of the PKC-⫺/⫺
CD4⫹ T cells is a mitochondria-dependent process.

no significant difference in Bcl-2 levels between wild-type and
PKC-⫺/⫺ T cells. Consistent with a previous report (27), Bcl-2 is
up-regulated by IL-2 treatment, which may partially explain IL-2mediated rescue of PKC-⫺/⫺ T cell apoptosis. Previously, we
have shown that PKC- is required for activation of NF-B and
AP-1 (16); we thus examined nuclear translocation of both transcription factors in response to TCR stimulation by bandshift analysis (Fig. 3c). Indeed, PKC-⫺/⫺ CD4⫹ T cells displayed defective nuclear translocation of NF-B and AP-1. These results
suggest that PKC- is specifically required for Bcl-xL up-regulation as well as activation of NF-B and AP-1 pathways.

PKC- is required for fully up-regulating Bcl-xL levels during T
cell activation

To determine the mechanisms underlying PKC--mediated activation of Bcl-xL, we used a luciferase reporter driven by a Bcl-xL
promoter (Fig. 4a). Bcl-xL reporter was first introduced into Jurkat
cells that up-regulate endogenous Bcl-xL in response to TCR stimulation (10). Correspondingly, TCR stimulation also moderately
stimulated Bcl-xL reporter activity. PKC- expression plasmid was
then cotransfected into Jurkat cells with Bcl-xL reporter. Surprisingly, PKC- greatly stimulated Bcl-xL reporter even in the absence of any stimulation, suggesting that ectopic expression of
PKC- alone is sufficient to stimulate Bcl-xL reporter. The maximum activity was obtained when Jurkat cells were stimulated by
cross-linking TCR in the presence of exogenous PKC-. Inactive
PKC-, however, prevented TCR cross-linking-induced activation
of Bcl-xL reporter, suggesting that kinase activity of PKC- is
required. Previously, we have developed siRNA-based technology
to successfully knock down endogenous PKC- in Jurkat cells
(24). To examine the role of endogenous PKC- in the regulation
of Bcl-xL, endogenous PKC- was knocked down using pSuper
plasmid expressing PKC- specific siRNA, as described previously (Fig. 4b) (24). Indeed, knockdown of PKC- inhibited TCR
stimulation-induced activation of Bcl-xL reporter, suggesting that
PKC- is required for activation of Bcl-xL reporter (Fig. 4a). These

Bcl-xL is known to be up-regulated to intrinsically increase T cell
resistance to apoptosis during T cell activation (4, 6, 7). We therefore determined the role of PKC- in Bcl-xL up-regulation. CD4⫹
T cells purified from wild-type and PKC--deficient mice were
cultured in medium or stimulated with anti-CD3/28 Abs. Bcl-xL
levels were determined by Western blot analysis (Fig. 3a). As
expected, wild-type T cells significantly up-regulated Bcl-xL in
response to TCR cross-linking. Without stimulation, PKC-⫺/⫺
CD4⫹ T cells had equivalent amounts of Bcl-xL as that of the wild
type (Fig. 1a). However, Bcl-xL levels in CD3/28-stimulated PKC⫺/⫺ CD4⫹ T cells were markedly reduced compared with the
stimulated wild-type T cells, suggesting that PKC--mediated
TCR signals are required for stimulating Bcl-xL expression. Furthermore, in the presence of IL-2 that was shown to inhibit apoptosis, Bcl-xL levels were not significantly changed, suggesting
that IL-2 rescued apoptosis most likely via a Bcl-xL-independent
mechanism. We also examined levels of Bcl-2, another antiapoptotic molecule with high degree of homology with Bcl-xL (Fig.
3b). In contrast to Bcl-xL, there was no obvious up-regulation of
Bcl-2 in response to TCR stimulation. More importantly, there was

PKC- stimulates a reporter driven by a Bcl-xL promoter
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FIGURE 2. PKC-⫺/⫺ CD4⫹ T cells undergo apoptosis via caspase- and mitochondria-dependent pathways. a, Increased active caspase-3 product after
TCR stimulation of PKC-⫺/⫺ CD4⫹ T cells. Caspase-3 levels were determined by Western blot analysis of wild-type and PKC-⫺/⫺ CD4⫹ T cells that
were left in medium or stimulated with CD3/28 cross-linking for 12 h. Two bands representing procaspase-3 and cleaved caspase-3 are indicated. b,
Analysis of apoptosis of PKC-⫺/⫺ CD4⫹ T cells with TMRE. Wild-type and PKC-⫺/⫺ CD4 T cells were left in medium or subjected to stimulation with
CD3/CD28 cross-linking for 36 h. The apoptotic cells were then detected by flow cytometric analysis of TMRE staining. Percentage of TMRE-negative
cells is indicated.
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results suggest that PKC--mediated signals are sufficient and necessary for enhancing Bcl-xL expression by stimulating its promoter
activity in T cells.
PKC- stimulates Bcl-xL promoter via NF-B and AP-1
pathway
Previously, we have shown that PKC- regulates both NF-B and
AP-1 pathways (16, 24). We therefore determined the role of PKC-mediated activation of NF-B and AP-1 in the regulation of
Bcl-xL. We first determined whether manipulation of NF-B pathway affects Bcl-xL reporter activity (Fig. 5a). IKK␤ is responsible
for phosphorylating IB, which results in degradation of IB and
translocation of NF-B to the nucleus to stimulate gene expression
(28). Forced expression of IKK␤ or p65 subunit of NF-B greatly
enhanced TCR stimulation-induced Bcl-xL reporter activity,
whereas a DN-IKK␤, which is an inactive kinase due to a mutation
at the ATG binding site, prevented activation of Bcl-xL reporter,
strongly suggesting the positive role of NF-B pathway in the
regulation of Bcl-xL. As controls, IKK␤ was shown to stimulate,
and DN-IKK␤ inhibited NF-B reporter activity (Fig. 5b).
The major two components of AP-1, c-Fos and c-jun, heterodimerize to bind to the target DNA (AP-1 binding site) and
regulate gene expression (29). To determine the role of AP-1 in the
regulation of Bcl-xL, expression plasmids encoding both c-Fos and
c-Jun were transfected into Jurkat cells together with Bcl-xL reporter (Fig. 5c). AP-1 markedly stimulated TCR cross-linking-induced Bcl-xL reporter activity, suggesting that AP-1 also activates
Bcl-xL promoter in addition to NF-B. As a control, AP-1 was also
shown to stimulate AP-1 reporter (Fig. 5d).
To determine whether PKC--mediated activation of Bcl-xL depends on NF-B and AP-1 pathways, we used DN-IKK␤ and DNAP-1. DN-AP-1 lacks aa 3–122 of c-jun, and thus is missing the
major trans activation domain of c-jun, but retains the DNA binding and leucine zipper domain. DN-AP-1 is thus able to bind to

DNA, but cannot stimulate transcription, as previously described
(30, 31). To demonstrate that DN-IKK␤ and DN-AP-1 function as
expected, DN-IKK␤ and DN-AP-1 were first shown to inhibit
TCR stimulation-induced activation of NF-B reporter (Fig. 5b)
and AP-1 reporter (Fig. 5d) correspondingly. The effects of DNIKK␤ and DN-AP-1 on PKC--mediated activation of Bcl-xL reporter were then evaluated. Consistent with above results (Fig. 4),
PKC- stimulated Bcl-xL reporter activity (Fig. 5e). However,
DN-IKK␤ or DN-AP-1 greatly inhibited PKC--stimulated Bcl-xL
reporter activity before or after TCR cross-linking, suggesting that
PKC--mediated activation of Bcl-xL reporter depends on both
NF-B and AP-1 pathways.
Forced expression of Bcl-xL rescued apoptosis
To determine whether lack of Bcl-xL is responsible for the apoptosis observed in the absence of PKC-, we first examined
whether TCR stimulation induces apoptosis in PKC- knockdown
Jurkat cells (Fig. 6a). With or without TCR stimulation, wild-type
Jurkat cells did not display obvious apoptosis. Knockdown of
PKC- with siRNA resulted in an increased spontaneous apoptosis. Furthermore, TCR stimulation accelerated apoptosis of PKC-
knockdown Jurkat cells. These results are in agreement with the
observation in PKC- null mice (Fig. 1a). We next determined
whether forced expression of Bcl-xL can prevent the apoptosis
resulted from knockdown of PKC-. Expression plasmid encoding
hemagglutinin (HA)-tagged Bcl-xL was cotransfected into Jurkat
cells together with PKC- siRNA. Thus, expression of the transfected Bcl-xL could be detected with an anti-HA-specific Ab (Fig.
6b). Consistent with the role of Bcl-xL in preventing spontaneous
apoptosis, Bcl-xL reduced the spontaneous apoptosis of PKC-
knockdown Jurkat cells to the levels of wild-type cells. Moreover,
Bcl-xL inhibited TCR stimulation-induced apoptosis in PKC-
knockdown cells. Similar results were obtained when Bcl-2 was
expressed in PKC- knockdown Jurkat cells. These results suggest
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FIGURE 3. Failed full up-regulation of Bcl-xL in PKC-⫺/⫺ CD4⫹ T cells. a, Bcl-xL levels were determined by Western blot analysis of wild-type and
PKC-⫺/⫺ CD4⫹ T cells that were left in medium or stimulated with CD3/28 cross-linking and/or IL-2 for 24 h. b, Bcl-2 levels were determined by Western
blot analysis of wild-type and PKC-⫺/⫺ CD4⫹ T cells that were left in medium or stimulated with anti-CD3 and anti-CD28 Abs alone or together with
IL-2 for 24 h. Actin serves as a control for equal loading. c, Defective nuclear translocation of NF-B and AP-1. Nuclear extracts were prepared before
and after TCR stimulation. Nuclear extracts were then subject to bandshift analysis using probes specific for NF-B (top panel) and AP-1 (bottom panel).
Abs specific for the corresponding transcription factors were used in supershift assays. Data shown are representative of at least three independent
experiments.
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that forced expression of Bcl-xL is sufficient to rescue the apoptosis resulted from lack of PKC-.

Discussion
Using PKC--deficient mice and knockdown of PKC-, we show
that PKC--mediated signals enhance CD4⫹ T cell survival. Compared with the wild-type T cells, PKC-⫺/⫺ CD4⫹ T cells are
more sensitive to apoptosis. PKC-⫺/⫺ CD4⫹ T cells displayed a
slightly, but consistently increased spontaneous apoptosis. However, in response to TCR stimulation, PKC-⫺/⫺ CD4⫹ T cells
failed to up-regulate the survival factor, Bcl-xL, and underwent
extensive apoptosis. Barouch-Bentov et al. (32) reported recently
that CD8⫹ T cell survival, but not proliferation, is regulated by
PKC- via Bcl-2 as well as Bcl-xL. In contrast to CD8⫹ T cells, we
show in this study that PKC- is required for both proliferation and
survival of CD4⫹ T cells. PKC- specifically regulates Bcl-xL, but
had no obvious effects on Bcl-2 in CD4⫹ T cells. We further show
that wild-type PKC-, but not the DN-PKC- potentiated the activity of a luciferase reporter driven by a Bcl-xL promoter. PKC-mediated activation of Bcl-xL reporter was inhibited by DNIKK␤ and AP-1, strongly suggesting that PKC- enhances Bcl-xL
expression via activating NF-B and AP-1 pathways.
Engagement of TCR initiates a cascade of signals required for T
cell activation, resulting in T cell proliferation. Because proliferating T cells are very susceptible to apoptosis (1, 2), TCR also
transduces signals to enhance T cell survival during the activation
process (2, 6). Previous studies including ours have indicated a
critical role of PKC- in T cell activation (14 –16), because PKC⫺/⫺ T cells failed to proliferate and produce IL-2 in response to
TCR stimulation. In this study, we show that in the absence of
PKC-, T cells undergo massive apoptosis instead of proliferation
in response to TCR stimulation. This result suggests that PKC-
also mediates the survival signals in addition to the signals required for T cell activation. Indeed, up-regulation of Bcl-xL, a
critical survival factor, is defective in PKC-⫺/⫺ T cells. Apoptosis of the PKC-⫺/⫺ T cells was rescued by IL-2 treatment, sug-

gesting that IL-2-mediated survival is independent of PKC-. This
result also suggests that PKC--mediated survival is not the only
pathway to ensure survival of activated T cells, and other pathways
such as IL-2 can compensate for the function of PKC- in T cell
survival. Because PKC- is also required for IL-2 production (16),
PKC- thus enhances T cell survival by stimulating the production
of an extrinsic survival factor, IL-2, and by up-regulating Bcl-xL,
which intrinsically protects T cells from apoptosis.
Bcl-xL and Bcl-2 are both antiapoptotic molecules with high
degree of homology. Although Bcl-2 is broadly expressed in different tissues, Bcl-xL is usually induced by stimulation (33). In
agreement with this notion, Bcl-2 is kept at a relatively consistent
level, whereas Bcl-xL is significantly up-regulated. Bcl-2 protects
naive T cells from spontaneous apoptosis, but does not seem to
play a major role in the survival of activated T cells, because
deletion of Bcl-2 gene had no obvious effect on activated T cells
(34). Consistent with this, we did not detect a significant change in
Bcl-2 levels during T cell activation. Most studies agreed that BclxL, which is significantly up-regulated during T cell activation,
provides survival function for activated T cells (6). However, a
recent report using conditional deletion of Bcl-xL suggested that
Bcl-xL is dispensable for the survival of activated T cells (35). An
increased level of Bcl-2 was observed in above Bcl-xL-deficient
mice, which is consistent with previous reports that there is an
inverse correlation between the levels of Bcl-2 and Bcl-xL (26, 36,
37). It is therefore to be determined whether up-regulated Bcl-2
compensated for the function of Bcl-xL. In agreement with most
previous results, we detected greatly up-regulated Bcl-xL and no
obvious apoptosis in wild-type T cells stimulated by cross-linking
TCR. However, in response to TCR stimulation, PKC-⫺/⫺ T cells
underwent rapid apoptosis accompanied by greatly reduced levels
of Bcl-xL. Furthermore, forced expression of Bcl-xL rescued apoptosis of PKC-⫺/⫺ T cells. Our results thus support an essential
role of PKC--mediated up-regulation of Bcl-xL in enhancing the
survival of activated T cells.
There is considerable evidence that TCR-mediated activation of
NF-B up-regulates Bcl-xL to extend T cell survival (8, 38). However, previous studies focused on the activation of NF-B by
PI3K/Atk pathway. Bcl-xL up-regulation was prevented by PI3K
inhibitor, and by mutating Y170 of CD28 that disrupted interaction
with PI3K (7, 8). Akt is the best studied target of PI3K, and a
survival factor. Transgenic expression of Akt resulted in up-regulated Bcl-xL and increased activation of NF-B (9), mimicking the
effect of TCR stimulation on Bcl-xL. A functional NF-B binding
site was also identified on the Bcl-xL promoter region (10, 11).
These results appear to suggest that activation of NF-B via PI3K/
Akt pathway leads to transcriptional activation of Bcl-xL. However, Kane et al. (39) noticed that Akt alone slightly stimulated
NF-B reporter; optimal stimulation of NF-B required a second
signal. Our previous results clearly show that PKC- is specifically
required for NF-B activation in T cells (16). It is thus possible
that PKC- provides the second signal for optimal NF-B activation. This notion is supported by the observation that the second
signal required for Akt to induce NF-B could be provided by a
low concentration of phorbol ester, a PKC- activator. Furthermore, Krumbock and colleagues (40) reported that PKC- is physically and functionally coupled to Akt. We showed in this study
that Bcl-xL was not sufficiently up-regulated to maintain T cell
survival in the presence of Akt, but in the absence of PKC-.
PKC- is thus required to boost both Bcl-xL expression and NF-B
activation to the optimal levels. In addition, PKC--mediated stimulation of Bcl-xL promoter activity was inhibited by DN-IKK␤,
suggesting that PKC- regulates Bcl-xL expression via NF-B
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FIGURE 4. PKC- regulates Bcl-xL reporter activity. a, A luciferase
reporter under the control of a Bcl-xL promoter was transfected into Jurkat
cells alone (reporter) or together with expression plasmid encoding wildtype PKC- or inactive PKC- or PKC- siRNA. Twenty-four hours after
transfection, cells were either left in medium (䡺) or stimulated with antiCD3 and anti-CD28 Abs (f) for 8 h. Bcl-xL-luciferase reporter activity is
indicated as fold induction relative to the activity obtained from unstimulated cells in control group. b, Control pSuper or pSuper encoding PKC-
siRNA were transfected into Jurkat cells. Western blot analysis was then
performed to detect PKC- expression (top panel). Bottom panel, Shows
the expression of actin serving as a control for equal loading. Data shown
are representative of at least three independent experiments.
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FIGURE 6. Ectopic expression of Bcl-xL or Bcl-2 prevented apoptosis
resulting from lack of PKC-. a, Jurkat cells were transfected with pSuper
plasmid encoding either scrambled siRNA (control) or PKC--specific
siRNA and expression plasmid encoding Bcl-xL or Bcl-2. Forty-eight
hours after transfection, Jurkat cells were either left in medium unstimulated (None, 䡺) or stimulated with anti-CD3 and anti-CD28 Abs (f) for
18 h. Apoptosis was detected by annexin V staining. b, Expression of
HA-tagged Bcl-xL (upper panel) and Flag-tagged Bcl-2 (bottom panel) was
detected by Western blot analysis with corresponding anti-HA and Flag
Abs.

pathway. It is likely that PKC- collaborates with Akt in activating
NF-B required for optimal Bcl-xL expression.
Activation of NF-B pathway with expression of IKK␤ or p65
stimulates Bcl-xL reporter activity, but not up to the levels
achieved by expressing PKC- (Fig. 5), suggesting that other
PKC--regulated pathways, in addition to NF-B, are also involved in the regulation of Bcl-xL. This notion is further supported
by the fact that DN-IKK␤, which abolished IKK␤ or p65-mediated
stimulation of Bcl-xL reporter (Fig. 5a), failed to completely inhibit PKC--induced activation of Bcl-xL reporter (Fig. 5e). Our
results suggest that AP-1 pathway is also required for optimal activation of Bcl-xL by PKC-, as DN-AP-1 partially inhibited PKC-mediated activation of Bcl-xL reporter. DN-NF-B and DNAP-1 together further inhibited, but did not abolish Bcl-xL reporter
activity (data not shown). We thus examined NF-AT pathway,
which is also regulated by PKC- (15, 23, 24). DN-NF-AT did not
have obvious effects on Bcl-xL reporter (data not shown). PKC-
thus regulates Bcl-xL expression at least via NF-B and AP-1
pathways.
The other possible effector of PKC- in the regulation of T cell
survival is BAD. BAD translocates to mitochondria and heterodimerizes with Bcl-xL to promote cell death (41). However,
phosphorylated BAD is not able to translocate and interacts with
Bcl-xL. PKC- has been shown to increase T cell resistance to
Fas-mediated apoptosis by phosphorylating BAD (42). Similarly,
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FIGURE 5. PKC- regulates Bcl-xL reporter activity via NF-B and AP-1 pathways. a, Regulation of Bcl-xL reporter by NF-B pathway. Bcl-xL
reporter was introduced into Jurkat cells alone (reporter) or together with expression plasmid encoding IKK␤ or p65 or DN-IKK␤. Thirty-six hours
after transfection, cells were either left in medium (䡺) or stimulated with anti-CD3 and anti-CD28 Abs (f) for 8 h. Luciferase assays were performed
using cell lysate. b, NF-B luciferase reporter was introduced into Jurkat cells together with expression plasmid for IKK␤ or DN-IKK␤. c,
Stimulation of Bcl-xL reporter by AP-1. Bcl-xL reporter was introduced into Jurkat cells alone (reporter) or together with expression plasmid
encoding AP-1 (c-Fos and c-Jun). Cells were then stimulated, as described in a. d, AP-1 luciferase reporter was introduced into Jurkat cells together
with expression plasmid for AP-1 or DN-AP-1. e, PKC- stimulates Bcl-xL reporter via NF-B and AP-1 pathways. Bcl-xL reporter activity was
measured in the presence of PKC- alone or together with DN-IKK␤ or DN-AP-1. Stimulation of cells with anti-CD3 and anti-CD28 Abs was
performed, as described in a. Bcl-xL-luciferase reporter activity is indicated as fold induction relative to the activity obtained from unstimulated cells
in control group.
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Akt was also reported to be able to phosphorylate BAD (43, 44).
It would be interesting to examine the phosphorylation status of
BAD in PKC-⫺/⫺ mice.
By generating PKC- null mice, we and others demonstrated
that PKC- is required for T cell activation (15, 16). In this study,
we identified additional function of PKC- in the regulation of
survival of activated CD4⫹ T cells by up-regulating Bcl-xL.
PKC- is thus a critical molecule that synchronizes the signals
required for T cell activation and survival. By doing so, PKC-
ensures the survival chance of activated T cells that mediate the
actual immune responses.
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