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The p38 mitogen-activated protein kinase (MAPK) signaling pathway can be activated by a variety of stress
stimuli such as UV radiation and osmotic stress. The regulation and role of this pathway in death receptor-
induced apoptosis remain unclear and may depend on the specific death receptor and cell type. Here we show
that binding of Fas ligand to Fas activates p38 MAPK in CD8" T cells and that activation of this pathway is
required for Fas-mediated CD8* T-cell death. Active p38 MAPK phosphorylates Bcl-x, and Bcl-2 and prevents
the accumulation of these antiapoptotic molecules within the mitochondria. Consequently, a loss of mitochon-
drial membrane potential and the release of cytochrome c lead to the activation of caspase 9 and, subsequently,
caspase 3. Therefore, the activation of p38 MAPK is a critical link between Fas and the mitochondrial death
pathway and is required for the Fas-induced apoptosis of CD8" T cells.

The members of the p38 mitogen-activated protein kinase
(MAPK) family are widely distributed among different tissues
and have been implicated in differentiation, cell death, prolif-
eration, and DNA repair (34). Four different p38 MAPK fam-
ily members («, B, vy, and &) have been identified. There is
some specificity among members of this group toward different
substrates, but their specific functions are not well understood.
p38 MAPKSs are regulated by phosphorylation at Tyr and Thr
residues by dual-specificity MAPK kinase 3(MKK3), MKK4,
and MKKG6 (34, 38). These MKKs can be phosphorylated and
activated by a large group of less-specific MKK kinases, includ-
ing MEKKs 1 to 4, MLK2/3, and ASK1. More recently, it has
also been proposed that p38 MAPK can be activated via an
alternative, MKK-independent pathway (44).

The p38 MAPK signaling pathway is activated by different
stimuli associated with stress (such as UV radiation or inflam-
matory cytokines), as well as some nonstress stimuli (i.e., in-
sulin, transforming growth factor B8, and T-cell receptor liga-
tion) (34). Despite a large number of in vitro studies regarding
the function of p38 MAPK, the role of p38 in cell death
remains controversial. Several studies have shown that p38
MAPK mediates apoptosis in different cell types, including
neurons (15, 59), fibroblasts (46), cardiac muscle cells (29, 55),
and endothelial cells (63). Other studies have described the
antiapoptotic effects of this pathway. Activation of p38 MAPK
has a protective effect on cardiac myocytes (64). Anthrax lethal
toxin induces macrophage cell death by inhibiting p38 MAPK
(36). Antiapoptotic effects of the p38 MAPK pathway have
also been observed during neuronal differentiation (48). Rel-
atively few studies have been done on the function of p38
MAPK in vivo. Inhibition of p38 MAPK in cardiac myocytes in
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vivo promotes hypertrophic cardiomyopathy (2), whereas acti-
vation of p38 MAPK induces heart failure (26). We have pre-
viously shown that activation of p38 MAPK in vivo causes
death of CD8" T cells (31). Thus, the final outcome of p38
MAPK activation may be determined not only by cell type, but
also by other factors such as the specific stimuli and/or the
signaling context present when this pathway is activated.

In addition to stress stimuli, p38 MAPK is also activated by
death receptors, such as Fas and the tumor necrosis factor
alpha (TNF-a) receptors (reviewed in reference 53). However,
the relative contribution of p38 MAPK to death receptor-
induced apoptosis and its integration with other death/survival
signaling pathways triggered by these receptors are less under-
stood. Activation of p38 MAPK by TNF-«a has been shown to
mediate apoptosis in endothelial cells (11) but survival in neu-
rons (35). Although several studies have reported the activa-
tion of p38 MAPK in response to Fas ligation, most of them
indicate that p38 MAPK activation by Fas is secondary and
dependent on caspase activation (3, 18, 43, 51). A more recent
study proposes that p38 MAPK can interfere with the recruit-
ment of Fas death-inducing signaling complex (DISC) compo-
nents in several tumor cell types (49). p38 MAPK can also
contribute to Fas mediated-death by upregulating FasL or
downregulating Fas expression (16, 17).

Fas plays a key role in maintaining peripheral T-cell num-
bers and in activation-induced cell death (33). Apoptosis
through Fas is initiated by the activation of caspase 8, following
recruitment to the membrane signaling complex, and the sub-
sequent cleavage and activation of caspase 3 (52). Mitochon-
drial damage and activation of caspase 9 can also contribute to
Fas-mediated activation of caspase 3, but the mechanism is less
clear (25). Although activation of p38 MAPK has been shown
to induce death in CD8" T cells in vivo (31), no studies have
demonstrated a role for p38 MAPK in Fas-mediated cell death
in primary resting T cells. Here, we show that activation of p38
MAPK is critical for efficient induction of apoptosis in un-
stimulated CD8* T cells through Fas. Activation of p38
MAPK leads to phosphorylation and translocation of Bel-2 and
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Bcl-x; out of the mitochondria, inducing the release of cyto-
chrome ¢ and activation of caspase 3 through caspase 9. Thus,
p38 MAPK is a critical component of Fas signaling that me-
diates the activation of caspase 3 via the mitochondrial death
pathway.

MATERIALS AND METHODS

Transgenic mice. The dominant-negative p38 (dnp38) and MKK6(Glu) trans-
genic mice (B10.BR background) have been previously described (41). Expres-
sion of the transgene in each of these mouse lines is under control of the distal
Ick promoter. Wild-type B10.BR strain mice were obtained from Jackson Lab-
oratories. Procedures that involved mice were approved by institutional guide-
lines for animal care.

Cell preparation and culture conditions. CD8* T cells were isolated from
spleen and lymph nodes by negative selection, as previously described (41).
Reagents used during cell culture include zVAD-fmk (Enzyme Systems Prod-
ucts) and recombinant FLAG-CD95L (FasL) (Alexis Biochemicals). FasL treat-
ment was performed by preincubating CD8" T cells in medium at 37°C in 5%
CO, for 30 min prior to the addition of 200 ng/ml of FasL (unless otherwise
specified) combined with 4 pg/ml anti-Flag M2 mouse monoclonal antibody
(Sigma) for the indicated times.

Cell death analysis. For the terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) assay used for cell death analysis, cells
treated with medium, FasL, dexamethasone, or TNF-« for the indicated periods
of time were washed in phosphate-buffered saline (PBS), fixed in 1% paraformal-
dehyde, and permeabilized with 70% ethanol as recommended by the manufacturer
(Pharmingen). Apoptotic cells were detected using terminal deoxynucleotidyltrans-
ferase-mediated fluorescein isothiocyanate-dUTP incorporation according to the
manufacturer’s protocol (Pharmingen). Annexin V staining was performed using
the Annexin V-PE kit as recommended by the manufacturer (Molecular Probes,
Eugene, OR).

Cell lysates and Western blotting. Whole-cell lysates were prepared in Triton
lysis buffer (20 mM Tris, pH 7.4, 250 mM NaCl, 0.2 mM EDTA, 2 mM Na,P,0-,
1% Triton X-100, 10% glycerol, 0.5 mM dithiothreitol, 25 mM B-glycerophos-
phate, 1 mM Na;VO,, 1 mM phenylmethylsulfonyl fluoride, 5 pg/ml leupeptin,
5 pg/ml aprotinin, 5 wg/ml pepstatin) as previously described (37). Mitochondrial
lysates were prepared using a mitochondrial fractionation kit (Active Motif
Incorporated) according to the manufacturer’s protocol. Whole-cell and mito-
chondrial lysates (10 to 40 pg each) were then separated via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to ni-
trocellulose membranes as described previously (31). Primary antibodies for
Western blotting include anti-p38, anti-phospho-p38, anti-phospho-JNK1/2, anti-
JNK1/2, and anti-total or -cleaved caspase 3 from Cell Signaling Technologies;
anti-actin and anti-STAT1 from Santa Cruz Biotechnology; anti-caspase 3 (a
kind gift of Y. Lazebnik, Cold Spring Harbor Laboratories); anti-caspase 8 from
Apotech Corporation; and anti-caspase 9 from Stressgen Biotechnologies. Anti
Bcl-2, anti-Bcl-x;, and anti-Bax were from the Bcl-2 Related Sampler kit (BD
Transduction Laboratories), and anti-cytochrome ¢ was from BD PharMingen.

Kinase activity assays. Total p38 MAPK was immunoprecipitated from whole-
cell lysates with agarose-conjugated anti-p38 antibody (Santa Cruz Biotechnol-
ogy), repeatedly washed, and resuspended in kinase buffer (25 mM HEPES, pH
7.4, 25 mM B-glycerophosphate, 25 mM MgCl,). Reactions were performed by
incubating immunoprecipitates, 10 mM ATP, 5 uCi [y-**P]JATP (Perkin-Elmer,
Inc.), and 2 pg of either recombinant Bcl-2 substrate or recombinant glutathione
S-transferase (GST)-Bcl-x; substrate (Protein X Labs). For the generation of
Bcl-x; mutants, cDNA coding sequence for truncated Bel-x; (positions 1 to 212,
deletion of C-terminal 20 amino acids) was subcloned into pTopoTA vector
(InVitrogen), further subcloned into expression vector pGEX.4T.1 (Amersham),
and used for PCR-based site-directed mutagenesis (QuikChange kit; Stratagene)
to generate Thr115Ala single- and Thr47Ala Thr115Ala double-amino-acid sub-
stitution mutants. GST-Bcl-x; wild-type and mutant fusion proteins were ex-
pressed in Escherichia coli BL21(DE3) under IPTG (isopropyl-p-p-thiogalacto-
pyranoside) induction. Cells were harvested 3 h later and lysed, and the GST
fusion proteins were captured onto glutathione Sepharose (Amersham Bio-
sciences) as described previously (9). Bound proteins were eluted from the
matrix with 50 mM Tris, pH. 8.0, plus 50 mM reduced glutathione and concen-
trated, and the buffer was exchanged with 50 mM Tris, pH. 8.0, using Microcon
Centrifugal Filter Devices (Amicon). Protein concentrations were determined by
the Bradford method (Bio-Rad), and 2 wg of the purified proteins was used for
in vitro kinase assays as described above. For in vitro kinase reactions, some
mixtures contained 2.5 uM SB203580 (Calbiochem), as indicated. Reactions were
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terminated after 20 min at 30°C by the addition of Laemmli sample buffer. Total
reaction volumes were separated by SDS-PAGE and transferred to nitrocellulose
prior to visualization and quantitation using a Bio-Rad phosphorimager.

JC-1 staining. CD8™" T cells were preincubated in medium at 37°C in 5% CO,
for 60 min prior to adding 0.1 mg/ml of JC-1 dye (Molecular Probes) for 10 min,
and washing in phosphate-buffered saline (PBS), pH 7.4. In healthy cells with
high mitochondrial membrane potential, JC-1 molecules accumulate within the
mitochondria and form aggregates that emit at ~590 nm (red). In cells with
mitochondrial damage, JC-1 fails to aggregate within the mitochondria and
therefore emits at ~527 nm (green). Thus, a shift in fluorescence from 590 to 527
nm indicates a loss of membrane potential (40). The percentage of cells emitting
JC-1 green fluorescence was quantitated by flow cytometry (LSRIL; BD Bio-
sciences).

Caspase activity assays. CD8" T cells (5 X 10%) in 100 pl of medium were
added to an equal volume of the appropriate Caspase-Glo reagent (Promega) at
room temperature. Cleaved-substrate luminescence was measured in relative
light units with a TD 20/20 Luminometer (Turner Designs).

RNase protection assay. Total RNA was isolated from cells using Ultraspec
RNA isolation reagent (Biotecx Laboratories) according to the manufacturer’s
protocol. An RNase protection assay (RPA) was performed using the mAPO-2
template kit (BD PharMingen) as recommended by the manufacturer. Briefly, 3
ug of total RNA was hybridized overnight with [*>PJUTP-radiolabeled in vitro-
transcribed RNA probes. Overlapping single-stranded RNA (ssRNA) on hybrid-
ized double-stranded RNAs (dsRNAs) was digested with RNases A and Ty, and
the protected dsRNA duplexes were purified and resolved on urea-denaturing
gels. Gels were then dried and analyzed by autoradiography.

Confocal microscopy. CD8* T cells were cytospun onto slides, fixed in 3.7%
formaldehyde, permeabilized in 0.1% Triton X-100, blocked in 1% bovine serum
albumin in PBS, and incubated with primary antibodies against Bcl-2 and Bel-x;
(BD PharMingen) or cleaved caspase 3 followed by incubation with Alexa 568-
conjugated goat anti-rabbit or goat anti-mouse antibodies (Molecular Probes) as
previously described (7). Visualization of nuclei and mitochondria was accom-
plished by staining with YOYO-1-iodide and MitoTracker Deep Red 633 (Mo-
lecular Probes), respectively, in the presence of 50 wg/ml RNase. Images were
collected using a Bio-Rad MRC 1024 confocal workstation with Olympus BX50
fluorescence microscope and LaserSharp scanning software.

RESULTS

Caspase-independent activation of p38 MAPK by Fas liga-
tion in CD8* T cells. Although p38 MAPK has been shown to
be activated by Fas ligation in several cell types (3, 18, 43, 51),
no previous studies have addressed the regulation of p38
MAPK by Fas in primary nonactivated T cells. Since p38
MAPK can induce death of CD8" T cells in vivo (31), we
examined whether p38 MAPK was activated by Fas ligand
(FasL) in these cells. CD8" T cells were isolated from wild-type
mice and treated with FasL for different periods of time. Whole-
cell lysates were examined for phosphorylated p38 MAPK by
Western blot analysis. p38 MAPK was rapidly activated in CD8"
T cells in response to treatment with FasL (Fig. 1A).

JNK can also be activated by Fas, but its activation appears
to be indirect, caspase mediated, and not required for death (4,
23, 28). To rule out the possibility that p38 MAPK activation
by Fas was also dependent on caspase activity, we pretreated
CD8" T cells with zVAD (a pan-caspase inhibitor) prior to
and throughout treatment with FasL. FasL could still activate
p38 MAPK in the presence of zZVAD, indicating that p38
MAPK activation is not dependent upon caspase activity (Fig.
1B). To further confirm that JNK is not the primary kinase that
initiates the apoptotic response of CD8" T cells to FasL treat-
ment, we examined the activation of JNK1 and JNK2 by West-
ern blot analysis using an anti-phospho JNK1/2 antibody. We
have previously shown that the mRNA and protein levels of
JNKI1 and JNK2 are very low in primary unstimulated CD4*
and CD8™" T cells, in contrast to the levels of these kinases in
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FIG. 1. Activation of p38 MAPK in response to FasL in CD8" T
cells. (A) Wild-type CD8" T cells were cultured for 30 min in medium
alone, prior to the addition of FasL (200 ng/ml) for the times indicated.
Cells were then lysed, and a Western blot was performed for activated
p38 MAPK (phospho-p38 [p-p38]), total p38 MAPK, and actin (as a
loading control). (B) Wild-type CD8" T cells were cultured in the
presence or absence of zVAD-fmk (50 uM) for 30 min, prior to the
addition of FasL (200 ng/ml) for the times indicated. Phospho-p38 and
total p38 were examined by Western blot analysis as described for
panel A. (C) Wild-type CD8" T cells were cultured as described for
panel B. Phospho-JNK1 and -JNK2 (p-JNK1/2) and total JNK were
examined by Western blot analysis.

T-cell clones, T-cell lines, and activated primary T cells (6, 56).
In correlation with those studies, low levels of JNK1 and
slightly higher levels of JNK2 were detected in CD8" T cells
(Fig. 1C). Consequently, no phosphorylated JNK1 and low
levels of phosphorylated JNK2 could be detected in CD8* T
cells in response to FasL treatment (Fig. 1C). Furthermore, the
weak phosphorylation of JNK2 by FasL was abrogated by
zVAD (Fig. 1C). Together, these results indicate that p38
MAPK is likely the primary MAPK pathway to be involved in
Fas-induced death in these cells.

Activation of p38 MAPK is required for Fas-mediated cell
death in CD8™ T cells. To investigate whether the activation of
p38 MAPK was required for Fas-induced cell death, we used
the previously described transgenic mice expressing a dom-
inant-negative mutant of p38 MAPK (dnp38) (41). Expres-
sion of the dominant-negative p38 mutant in T cells partially
inhibits (40 to 60%) endogenous p38 MAPK activity (41).
CD8" T cells from wild-type and dnp38 transgenic mice were
treated with FasL, and apoptosis was measured by TUNEL
assay after 4 to 5 h. While a large percentage of wild-type
CD8™ T cells were apoptotic following treatment with FasL, a
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FIG. 2. Activation of p38 MAPK is necessary for FasL-induced
death in CD8" T cells. (A) Freshly isolated CD8" T cells from wild-
type mice or dnp38 transgenic mice were cultured in medium alone or
treated with FasL (200 ng/ml) for 4 h prior to detection of apoptosis via
TUNEL and flow cytometry. The percentage of TdT-labeled cells is
indicated. MFI, mean fluorescence intensity. This is a representative
experiment, and panel B shows the mean percentage of TUNEL-
positive (TdT labeled) cells (in response to FasL) relative to wild-type
(WT) cells in four independent experiments (n = 4). Error bars rep-
resent standard error. (C) Wild-type and dnp38 CD8* T cells were
treated with a higher dose of FasL (400 ng/ml) for 4 h. Apoptosis was
determined by TUNEL assay. (D) CD8" T cells were treated with
dexamethasone (Dex; 1 pM) for 3 or 12 h or with TNF-« (50 ng/ml) for
12 h. Apoptosis was determined by TUNEL assay. (E) CD8" T cells
from wild-type and dnp38 transgenic mice were treated with FasL (200
ng/ml). Wild-type CD8" T cells were also treated with FasL (200
ng/ml) in the presence of the p38 MAPK inhibitor SB203580 (5 pM)
(WT+SB). Apoptosis was examined after 2 h by Annexin V staining
and flow cytometry.

substantially lower percentage of apoptotic cells (twofold re-
duction) were observed in FasL-treated dnp38 cells (Fig. 2A
and 2B). Similar resistance to FasL-induced apoptosis was
observed even when a higher concentration of FasL was
used (Fig. 2C). Kinetics analysis indicated that the protec-
tion against FasL-mediated apoptosis was already observed
after short periods of treatment (2 h) with FasL (see Fig. S1
in the supplemental material). Less effect was observed when
death was examined after 12 h of FasL treatment (see Fig. S1
in the supplemental material), probably because p38 MAPK
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did not protect from a Fas-independent late death triggered by
dead cell debris.

We therefore tested whether p38 MAP kinase inhibition will
affect apoptosis mediated by other death stimuli. CD8" T cells
from wild-type and dnp38 transgenic mice were treated with
dexamethasone, and apoptosis was measured by TUNEL assay
after different periods of time. Unlike FasL, dexamethasone
requires longer periods of time to induce a substantial amount
of death in peripheral T cells. Nevertheless, no difference in
the induction of apoptosis between wild-type and dnp38 CD8™
T cells was detected after 3 or 12 h of exposure to dexameth-
asone (Fig. 2D). Similar to Fas, p38 MAPK is also activated by
other death receptors, such as TNF-aR (39). We examined
TNF-a-induced death in wild-type and dnp38 CD8™ T cells by
treating them with TNF-«a for 12 h since T cells are relatively
resistant to TNF-a-induced death and longer periods of treat-
ment are needed to detect some apoptosis. CD8" T cells from
dnp38 mice were also more resistant to TNF-a-mediated ap-
optosis than wild-type CD8* T cells (Fig. 2D). Thus, activation
of p38 MAPK is required for apoptosis induced by Fas and,
probably, other death receptors in CD8" T cells.

To further confirm the role of p38 MAPK in Fas-induced
death in CD8™ T cells, we examined the effect of the pharma-
cological inhibitor of p38 MAPK, SB203580. CD8" T cells
from wild-type mice were treated with FasL in the absence or
presence of SB203580. In parallel, we also examined FasL-
induced death in dnp38 CD8" T cells. We used Annexin V
staining as an alternative method to measure apoptosis. The
presence of SB203580 also impaired FasL-induced apoptosis
(Fig. 2E). Similar results were obtained using TUNEL to mea-
sure apoptosis (see Fig. S2 in the supplemental material). To-
gether, the data show that Fas ligation activates p38 MAPK in
CD8™ T cells and that activation of this pathway is required for
Fas-induced apoptosis.

p38 MAPK is essential for activation of caspase 3 in response
to FasL in vitro. Interactions of Fas with its cognate FasL trigger
the activation of upstream caspases leading to the downstream
activation of caspase 3 (25, 27, 52). To determine whether
caspase 3 activation by Fas is dependent upon the p38 MAPK
pathway, we treated CD8" T cells from wild-type or dnp38
mice with FasL for the indicated times. Whole-cell lysates were
analyzed by Western blotting for the presence of the active
cleaved fragment of caspase 3 using an antibody that recog-
nizes both the procaspase (p32) and cleaved (p17) forms of
caspase 3. The ability of dnp38 CD8" T cells to activate
caspase 3 in response to FasL was remarkably diminished
compared with that of wild-type cells (Fig. 3A).

Cleavage and activation of caspase 3 can be triggered by
either caspase 9, in response to mitochondrial damage, or
caspase 8, as a result of death receptor signaling (25, 27, 52). In
order to determine how p38 MAPK activates caspase 3 in
response to FasL, we examined activation of caspases 9 and 8
in wild-type and dnp38 CD8" T cells treated with FasL.
Caspase 9 activation, as indicated by the presence of the
cleaved (p35) fragment, was almost abolished in FasL-treated
dnp38 CD8™" T cells compared with wild-type cells (Fig. 3B). In
contrast, only a slight reduction in cleaved caspase 8 (p18) was
detected between dnp38 and wild-type CD8™ T cells (Fig. 3B).
The reduction in caspase 3 activation was further confirmed
using an antibody that only recognizes the cleaved (p17) form
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FIG. 3. Inhibition of p38 MAPK in CD8" T cells prevents activa-
tion of caspase 3 and caspase 9 in response to FasL. (A) CD8" T cells
from wild-type or dnp38 transgenic mice were treated with FasL for
the indicated time periods. Cells were then lysed, and a Western blot
was performed using an antibody that recognizes both the full-length
(p32) and cleaved (p17) caspase 3. (B) CD8" T cells from wild-type
(WT) or dnp38 transgenic mice were treated with FasL for the indi-
cated time periods and lysed, and whole extracts were used for West-
ern blots using antibodies against cleaved caspase 3 (p17), full-length
(p46) and cleaved (p35) caspase 9, or full-length (p55) and cleaved
(p18) caspase 8. Actin was examined as a loading control. Densitom-
etry analysis was performed, and relative values for caspase 3 and for
the cleaved/full-length-form ratio of caspase 8 and caspase 9 are
shown. Results shown are representative of four independent experi-
ments.

(Fig. 3B). These data indicate that the activation of caspase 3
by p38 MAPK in response to FasL is most likely mediated by
caspase 9 and not caspase 8.

Activation of p38 MAPK in vivo is sufficient to activate caspase
9 and caspase 3. The above results indicate that p38 MAPK is
essential for efficient caspase 9 and caspase 3 activation in
response to FasL in CD8" T cells. To determine whether the
activation of p38 MAPK alone was sufficient to induce caspase
activation in these cells in vivo, we used the previously de-
scribed MKK6(Glu) transgenic mice. These mice express a
constitutively active mutant of MKK6 [MKK6(Glu)], a specific
upstream activator of p38 MAPK, in T cells (41). Thus, p38
MAPK is already active in T cells from these mice in the
absence of any stimulation. Whole-cell lysates from freshly
isolated wild-type or MKK6(Glu) CD8" T cells were ana-
lyzed by Western blotting for caspase 3. CD8" T cells from
MKKG6(Glu) transgenic mice had an increased quantity of
cleaved (p17) caspase 3 compared to wild-type cells (Fig. 4A).
To confirm that caspase 3 was active in CD8* T cells from
MKKG6(Glu) mice, we measured the specific activity of caspase
3 in freshly isolated cells using substrate-specific cleavage-
induced luminescence. In correlation with the presence of
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FIG. 4. Activation of p38 MAPK alone is sufficient to induce activation of caspase 3 and caspase 9, but not caspase 8, in CD8" T cells.
(A) Whole-cell lysates of freshly isolated CD8* T cells from wild-type (WT) or MKK6(Glu) transgenic mice were analyzed by Western blotting
for full-length (p32) and cleaved (p17) caspase 3. Actin was examined as a loading control. (B) Relative caspase 3 activity of CD8" T cells from
wild-type or MKK6(Glu) transgenic mice as measured by cleavage of a luminescent caspase 3 substrate. (C) Freshly isolated CD8" T cells from
wild-type and MMKG6(Glu) transgenic mice were used to examined active caspase 3 by immunostaining and confocal microscopy analysis using an
anti-cleaved caspase 3 (p17) antibody and a secondary antibody (red). YOYO (green) was used as a nuclear marker. Staining with the secondary
antibody (Control) in MKK6(Glu) CD8" T cells is also shown. (D and E) Whole-cell lysates of CD8" T cells from wild-type or MKK6(Glu)
transgenic mice were analyzed by Western blotting for full-length (p55) and cleaved (p18) caspase 8 (D) or full-length (p46) and cleaved (p35)
caspase 9 (E). Actin was examined as a loading control. (F) Relative caspase 9 activity of CD8" T cells from wild-type or MKK6(Glu) transgenic
mice as measured by cleavage of a luminescent caspase 9 substrate. Results are representative of three independent experiments.



VoL. 26, 2006

cleaved caspase 3, MKK6(Glu) CD8" T cells contained high
levels of caspase 3 activity (Fig. 4B). We also examined the
presence of active caspase 3 in freshly isolated MKK6(Glu)
CD8" T cells by immunostaining and confocal microscopy
using the antibody that only recognizes the cleaved (pl7)
caspase 3 form. No cells with active caspase 3 were detected
within wild-type CD8™ T cells, but a significant number (20 to
30%) of the MKK6(Glu) CD8" T cells contain a high level of
active caspase 3 (Fig. 4C). Thus, activation of p38 MAPK by
itself causes the activation of caspase 3 in CD8™ T cells in vivo.

To observe the effects of p38 MAPK activation on upstream
caspases, whole-cell lysates from wild-type and MKK6(Glu)
transgenic mice were examined for the presence of cleaved
caspases 8 and 9 by Western blot analysis. In correlation with the
minimal effect of p38 MAPK inhibition on Fas-mediated caspase
8 activation, no cleaved caspase 8 (pl8) was observed in
MKKG6(Glu) CD8" cells (Fig. 4D). Interestingly, MKK6(Glu)
CD8" T cells contained increased levels of cleaved caspase 9
(p35) (Fig. 4E). To confirm that caspase 9 was active in
MKKG6(Glu) CD8* T cells, we measured caspase 9 activity using
a caspase 9 substrate with cleavage-induced luminescence.
MKKG6(Glu) CD8" T cells contained increased levels of caspase
9 activity compared to wild-type cells (Fig. 4F). In addition,
MKKG6(Glu) CD8™ T cells exhibited no detectable activation of
caspases 2 and 7, which can also cleave caspase 3 (data not
shown). Thus, p38 MAPK activates caspase 9, but not caspase 8,
2, or 7, indicating that caspase 3 cleavage and activation by this
pathway are likely mediated by caspase 9.

Activation of p38 MAPK in vivo increases mitochondrial
permeability and induces the release of cytochrome ¢ in CD8"
T cells. Activation of caspase 9 is triggered by the leakage of
cytochrome ¢ from the mitochondria into the cytosol, followed
by formation of the Apaf/cytochrome c/procaspase 9 apop-
tosome complex (25). Using the JC-1 dye and flow cytometry,
we confirmed that treatment with FasL also increases mito-
chondrial membrane potential in wild-type CD8™" T cells (Fig.
5A). To determine if activation of p38 MAPK was sufficient to
cause changes in mitochondrial permeability, we performed
JC-1 staining in CD8" T cells freshly isolated from wild-type
and MKK6(Glu) transgenic mice. While very few wild-type
CD8™" T cells stained positive for JC-1, a markedly increased
percentage of MKK6(Glu) CD8" T cells were JC-1 positive
(Fig. 5B). These results indicate that activation of p38 MAPK
increases mitochondrial permeability resulting in a loss of
membrane potential.

To confirm the increased mitochondrial membrane perme-
ability in MKK6(GlIu) CD8" T cells, we prepared mitochon-
drial extracts of freshly isolated wild-type and MKK6(Glu)
CD8" T cells and examined cytochrome ¢ levels by Western
blot analysis. The amount of cytochrome ¢ within the mito-
chondria was highly reduced in MKK6(Glu) CD8" T cells
relative to wild-type CD8™ T cells (Fig. 5C). Activation of p38
MAPK, therefore, leads to increased mitochondrial membrane
permeability and cytochrome c release, which in turn activates
the caspase 9-mediated death pathway.

p38 MAPK prevents the mitochondrial accumulation of Bcl-2
and Bel-x; in CD8" T cells. The Bcl-2 family is a group of
proteins that coordinately control apoptotic cell death by regulat-
ing the release of cytochrome ¢ from the mitochondria (47). This
family includes both proapoptotic (Bax, Bad, Bid, Bim, and Bak)
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FIG. 5. CD8" T cells from MKK6(Glu) transgenic mice have de-
creased mitochondrial membrane potential and decreased mitochon-
drial cytochrome c. (A) Wild-type CD8" T cells were incubated with
medium alone or FasL (200 ng/ml). After 4 h, cells were stained with
JC-1 dye and analyzed by flow cytometry. The percentages of cells
containing JC-1 green fluorescence (indicating a loss of mitochondrial
membrane potential) are shown. (B) Freshly isolated CD8" T cells
from wild-type (WT) or MKK6(Glu) transgenic mice were stained with
JC-1 dye and analyzed by flow cytometry. (C) Whole-cell lysates
(WCL) or mitochondrial lysates (Mito) from wild-type or MKK6(Glu)
CD8™" T cells were analyzed by Western blotting for cytochrome ¢ (Cyt
C) or actin (as a loading control). The results shown are representative
of three independent experiments.

CytC >

and antiapoptotic (Bcl-2, Bcl-x;, and Bcl-w) members. We per-
formed an RPA to determine whether the increased cytochrome
¢ release induced by p38 MAPK could be due to changes in
expression of Bcl-2 family proteins. No significant differences
were observed in the mRNA levels of Bcl-2 family members
between MKK6(Glu) and wild-type CD8" T cells (Fig. 6A). Al-
though Bax mRNA levels appeared to be slightly increased in
MKKG6(Glu) CD8* T cells compared to those in wild-type CD8*
T cells, we observed no increase in Bax protein levels (see below).

In order to confirm that the levels of expression of Bcl-2
family members were similar in MKK6(Glu) CD8" T cells
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FIG. 6. Activation of p38 MAPK in CD8" T cells prevents mitochondrial accumulation of Bcl-2 and Bcl-x; . (A) Total RNA from freshly
purified wild-type (WT) or MKK6(Glu) CD8* T cells was analyzed for expression of various Bcl-2 family members by RPA using the
mAPO-2 template kit (BD PharMingen). L-32 and GAPDH were examined as controls for loading. (B) Whole-cell lysates (WCL) or
mitochondria lysates (Mito) from wild-type or MKK6(Glu) CD8™ T cells were analyzed by Western blotting for Bel-x;  Bcl-2, and Bax. We
also examined the levels of actin (as a loading control) and STATI (as a marker of cytoplasmic contamination). (C) Cytospun CD8" T cells
from wild-type or MKK6(Glu) transgenic mice were stained with antibodies against either Bcl-2 or Bel-X (red), YOYO nuclear dye (green),
and MitoTracker mitochondrial dye (blue). Colocalization of Bcl-2 or Bel-x; with MitoTracker is displayed as a pink/purple color, while
cytosolic Bel-2 and Bcl-x; appear red. Cells were visualized by confocal microscopy at a X60 magnification. The results shown are

representative of at least two independent experiments.

compared to wild-type CD8" T cells, protein levels were ex-
amined by Western blot analysis. No substantial differences
were observed in the amount of Bcl-2 or Bel-x; in whole-cell
lysates between wild-type and MKK6(Glu) CD8™" T cells (Fig.
6B). In contrast to the mRNA levels, the quantity of Bax

protein was not increased in MKK6(Glu) CD8" T cells, but
instead appeared to be slightly lower or unaffected (Fig. 6B).
Neither Bad nor Bid was detected in whole-cell lysates from
wild-type or MKK6(Glu) CD8™" T cells (data not shown).
Since the presence of antiapoptotic Bcl-2 family proteins
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within the mitochondria is thought to be crucial in the main-
tenance of mitochondrial membrane potential and the preven-
tion of mitochondrial damage (14), we tested whether p38
MAPK may affect the mitochondrial accumulation of Bcl-2
family members. We examined the levels of Bcl-2, Bel-x; , and
Bax in mitochondrial fractions of wild-type and MKK6(Glu)
CD8™" T cells by Western blot analysis. The levels of Bcl-2 and
Bcl-x; proteins in the mitochondria of MKK6(Glu) CD8" T
cells were profoundly reduced compared to those in mitochon-
dria from wild-type cells (Fig. 6B). To rule out any possible
cytoplasmic contamination of the mitochondrial extracts, we
analyzed the presence of the transcription factor STATI,
which is normally confined to the cytoplasm. STAT1 was un-
detectable in mitochondrial extracts from either wild-type or
MKK6(Glu) CD8" T cells (Fig. 6B).

To further demonstrate the effect of p38 MAPK activation
on the mitochondrial accumulation of Bcl-2 and Bcl-x;, we
examined the intracellular localization of these proteins by
confocal microscopy, using MitoTracker as a mitochondrial
marker. Freshly isolated CD8" T cells from wild-type or
MKKG6(Glu) transgenic mice were cytospun and stained with
MitoTracker (mitochondria), YOYO (nucleus), and antibod-
ies against either Bcl-2 or Bel-x; . While Bcl-2 and Bel-x; co-
localized with MitoTracker in wild-type CD8" T cells, both
Bcl-2 and Bcl-x; appeared to be distributed within the cytosol
in most MKK6(Glu) CD8" T cells (Fig. 6C), indicating that
these cells had less mitochondrion-associated Bcl-2 and Bcl-x; .
Together, these data show that in vivo activation of p38 MAPK
prevents the accumulation of the antiapoptotic proteins Bcl-2
and Bcl-x; within the mitochondria of CD8" T cells.

Phosphorylation of Bcl-2 and Bcl-x; by p38 MAPK in re-
sponse to Fas ligation. Previous studies have shown that phos-
phorylation of Bcl-2 and Bcl-x; by JNK is associated with the
inactivation of their antiapoptotic function, although the mecha-
nism remains unclear (20, 30, 60). To investigate the possibility
that p38 MAPK is regulating the mitochondrial accumulation of
Bcl-2 and Bcl-x; via phosphorylation, we performed in vitro
kinase assays using recombinant Bcl-2 and Bcl-x;_as substrates.
Total p38 MAPK was immunoprecipitated from whole-cell
lysates of wild-type or MKK6(Glu) CD8" T cells and incu-
bated with either recombinant Bcl-x; or Bcl-2 in vitro. As
expected, no phosphorylation of Bcl-2 or Bcl-x; was observed
in the presence of p38 MAPK from wild-type CD8" T cells,
since p38 MAPK is normally inactive (Fig. 7A). In contrast,
strong phosphorylation of both Bcl-2 and Bcl-x; was detected
using p38 MAPK from MKK6(Glu) CD8" T cells (Fig. 7A).
Thus, active p38 MAPK phosphorylates both Bcl-2 and Bel-x; .

Our data above (Fig. 1A and 1B) indicate that FasL treat-
ment activates p38 MAPK in wild-type CD8" T cells. We
therefore examined whether p38 MAPK activated in response
to FasL could also phosphorylate Bcl-2 and Bcl-x, . Wild-type
CD8™ T cells were cultured in the presence or absence of FasL
and lysed, and total p38 MAPK was immunoprecipitated for in
vitro kinase assays with either Bcl-2 or Bcl-x;. As expected,
phosphorylation of Bcl-2 and Bcl-x; was undetectable when
using p38 MAPK from wild-type CD8" T cells cultured in
medium alone. However, p38 MAPK from FasL-treated wild-
type cells was able to strongly phosphorylate both Bcl-2 and
Bcelx, (Fig. 7B).

To demonstrate that the phosphorylation of Bcl-2 and
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FIG. 7. p38 MAPK from MKKG6(Glu) transgenic or FasL-treated
wild-type, CD8" T cells can phosphorylate Bcl-2 and Bcl-x,. (A) Total
p38 MAPK was immunoprecipitated from whole-cell lysates of wild-type
(WT) or MKK6(Glu) CD8" T cells and incubated with recombinant
Bcl-x;_or Bcl-2 substrates in vitro in the presence of [y->*P]JATP. Substrate
phosphorylation following SDS-PAGE was detected by autoradiography
(upper panel) and quantitated by Phosphorlmager (lower panel).
(B) Wild-type CD8" T cells were cultured in the presence (FasL) or
absence (—) of FasL for 2 h prior to lysis and immunoprecipitation of total
p38 MAPK. The ability of p38 MAPK to phosphorylate Bcl-x; and Bcl-2
was analyzed as described for panel A. (C) Total p38 MAPK was immu-
noprecipitated from wild-type CD8" T cells treated for 2 h with FasL
(FasL) or freshly isolated MKK6(Glu) CD8™" T cells (MKK®6). The phos-
phorylation of Bcl-x; and Bcl-2 in vitro was analyzed as described for
panel A, in the presence (+) or absence (—) of the p38 MAPK inhibitor
SB203580 (2.5 uM). (D) CD8™ T cells from wild-type or dnp38 transgenic
mice were treated with FasL (+) or medium alone (—) for 2 h. Whole-cell
lysates (WCL) or mitochondrial lysates (Mito) were prepared and exam-
ined for the presence of Bel-x;, Bcl-2, Bax, and cytochrome ¢ (Cyt C) by
Western blot analysis. We also analyzed the levels of actin (as a loading
control) and STAT1 (as a marker of cytoplasmic contamination). (E) To-
tal p38 MAPK was immunoprecipitated from freshly isolated
MKK6(Glu) CD8" T cells (MKKG6). The phosphorylation of wild-
type Bcl-x;, the Thrl115Ala Bcl-x; mutant (Thr11l5) and the
Thr115Ala Thr47Ala double Bcl-x; mutant (T47T115) by p38
MAPK in vitro was analyzed as described for panel A. Phosphory-
lation of wild-type Bcl-x; in the presence of SB203580 (WT/SB) is also
shown. The results shown are representative of at least two indepen-
dent experiments.

Bel-x, in vitro was directly mediated by p38 MAPK, we used
SB203580, a specific pharmacological p38 MAPK inhibitor.
Total p38 MAPK was immunoprecipitated from whole-cell
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lysates of wild-type CD8" T cells treated with FasL, and in
vitro kinase assays were performed using Bcl-2 or Bel-x; sub-
strates in the presence or absence of SB203580. Both Bcl-2 and
Bel-x; were strongly phosphorylated by p38 MAPK in the
absence of SB203580, but phosphorylation was abolished when
SB203580 was present in the reaction (Fig. 7C). SB203580 also
abolished the phosphorylation of Bcl-2 and Bcel-x; by p38
MAPK immunoprecipitated from MKK6(Glu) CD8" T cells
(Fig. 7C). Thus, p38 MAPK activated by Fas ligation directly
phosphorylates both Bcl-2 and Bcl-x; .

Our data show that activation of p38 MAPK in CD8" T cells
prevents the mitochondrial accumulation of Bcl-2 or Bel-x
(Fig. 6B and C) and that Fas ligation activates p38 MAPK,
which phosphorylates Bcl-2 and Bcl-x; (Fig. 7B and C). We
therefore examined whether FasL treatment would also reduce
mitochondrial levels of these proteins. Wild-type CD8* T cells
were cultured in medium alone, or in the presence of FasL,
and whole-cell lysates or mitochondrial lysates were prepared
for Western blot analysis. No significant difference in the total
protein levels of Bcl-2, Bcel-x;, or Bax was detected between
CD8" T cells in medium alone and FasL-treated cells (Fig.
7D). However, FasL treatment profoundly reduced the
amount of Bcl-2 and Bcl-x; within the mitochondria of wild-
type CD8* T cells relative to medium-treated control cells
(Fig. 7D). In contrast, we observed no change in the amount of
mitochondrial Bax due to FasL treatment. Therefore, stimu-
lation of CD8™ T cells by FasL results in a selective reduction
in mitochondrion-associated Bcl-2 and Bcl-x; levels, but not
mitochondrial Bax levels.

Our data above show that active p38 MAPK also causes the
release of cytochrome ¢ from the mitochondria (Fig. 5C). Ac-
cordingly, we asked whether treatment with FasL affected mi-
tochondrial cytochrome ¢ levels in CD8™" T cells. As with Bcl-2
and Bclx;, we observed decreased levels of mitochondrial
cytochrome ¢ in FasL-treated CD8" T cells compared to those
in cells cultured in medium alone (Fig. 7D). Together, these
data indicate that Fas ligation in wild-type CD8" T cells
results in less mitochondrion-associated Bcl-2 and Bcl-x, , sub-
sequently inducing the release of cytochrome c.

To ascertain whether the decrease in mitochondrial Bcl-2
and Bcl-x; levels in FasL-treated cells were the result of p38
MAPK activation, we performed parallel experiments using
CD8" T cells from dnp38 transgenic mice. CD8" T cells from
dnp38 mice were cultured in the presence or absence of FasL,
and whole-cell lysates or mitochondrial lysates were prepared
for Western blot analysis. Similar to wild-type CD8™" T cells, no
difference in total protein levels of Bcl-2, Bel-x; , or Bax was
observed between FasL-treated and medium-treated dnp38
CD8" T cells (Fig. 7D). Likewise, no differences in overall
protein expression were detected between wild-type and dnp38
CD8™ T cells (Fig. 7D). However, while FasL diminished mi-
tochondrial levels of Bcl-2 and Bcl-x; in wild-type CD8" T
cells, no significant reduction of mitochondrial Bcl-2 or Bel-x
levels was observed in FasL-treated dnp38 CD8" T cells
(Fig. 7D). Thus, translocation of Bcl-2 and Bcl-x; out of the
mitochondria in response to Fas ligation is dependent upon
activation of p38 MAPK in CD8" T cells. In correlation with
the presence of Bcl-2 and Bcl-x; in the mitochondria, dnp38
CD8" T cells exhibited almost normal mitochondrial cyto-
chrome c¢ levels upon treatment with FasL (Fig. 7D). No

MoL. CELL. BIOL.

STAT1 was detected in the mitochondrial extracts (Fig. 7D).
Together, our data indicate that the loss of mitochondrial Bel-2
and Bcl-x; in FasL-treated CD8" T cells is mediated by p38
MAPK, likely due to phosphorylation.

JNK has been shown to phosphorylate Bel-x; on Thr-47 and
Thr-115 (20). Since the phosphorylation target motifs (Ser
Pro) for p38 MAPK and JNK are highly conserved (57), it was
highly possible that p38 MAPK uses the same residues de-
scribed for JNK. We therefore generated recombinant wild-
type Bcl-x; and mutant Bcl-x; proteins where the Thr115
and/or Thr47 was replaced by Ala. These proteins were used as
substrates for in vitro kinase using p38 MAPK immunoprecipi-
tated from MKK6(Glu) CD8* T cells. The Thr115Ala muta-
tion caused a reduction in the phosphorylation levels of Bel-x;,
but the effect was more profound in the Thr47Ala Thr115Ala
double Bcl-x; mutant (Fig. 7E), indicating that both residues
were phosphorylated by p38 MAPK. The residual phosphory-
lation detected in the double mutant could be due to the
presence of an additional SP site generated by the fusion of
GST and the truncated Bcl-x;, since it was blocked by
SB203580. Thus, as expected, p38 MAPK shares with JNK the
phosphorylation motifs in Bel-x; . It is also likely that the Bcl2
residues (Ser70, Ser87, and Thr69) shown to be phosphory-
lated by JNK (60) are the targets for p38 MAPK.

DISCUSSION

p38 MAPK was initially identified as a kinase activated in
response to stress stimuli and associated with apoptotic signal-
ing (13, 59). Subsequently, the activation of p38 MAPK by
death receptors has been described by several groups (34).
However, the involvement of p38 MAPK in receptor-induced
cell death has not been well investigated, and little is known
about the participation of p38 MAPK in Fas signaling in CD4™
and CD8" T cells. Studies with activated T cells and Jurkat cell
lines indicate that Fas can activate p38 MAPK, but inhibition
of this pathway does not prevent Fas-induced cell death (3, 43).
Here, we demonstrate that p38 MAPK is activated by Fas in
primary unstimulated CD8* T cells and that such activation is
required for mitochondrial caspase activation and cell death
induced by Fas ligation.

The contribution of p38 MAPK to Fas-induced cell death
has often been overlooked due to the ability of the Fas signal-
ing complex to trigger alternative downstream pathways. The
best-characterized pathway is the activation of caspase 8, which
then cleaves and activates caspase 3 (19, 52). Fas also leads to
the activation of JNK, but JNK activation seems to be second-
ary to caspase activation and JNK-deficient mouse embryonic
fibroblasts remain sensitive to Fas ligation (4, 23, 28, 50).
Unlike JNK or caspase 8, activation of NF-kB by Fas is asso-
ciated with the expression of antiapoptotic proteins such as
inhibitor of apoptosis proteins (IAPs) and Bcl-2, which can
protect cells from apoptosis (54). The overall balance of these
multiple downstream signals likely determines the life-or-
death decision for each cell. Our data indicate that activation
of the p38 MAPK pathway is a crucial signaling component for
the induction of apoptosis through Fas in CD8" T cells.

Although it is clear that caspases are involved in Fas-medi-
ated apoptosis, it is also clear that the specific pathways used by
this receptor may depend on the specific type of cell and the
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situation. Studies using caspase 3-deficient mice have shown
that caspase 3 is required for Fas-mediated cell death in acti-
vated peripheral T cells and hepatocytes but not in thymocytes
(22,58, 65, 66). The requirement of caspase 3 for Fas-mediated
cell death in primary unstimulated CD4" and CD8" T cells
has not been described. Here, we show that inhibition of
caspase 3 cleavage by expression of the dnp38 MAPK increases
resistance to Fas-mediated cell death in freshly isolated CD8™"
T cells, suggesting that caspase 3 may contribute to Fas-medi-
ated death in these cells. We have previously shown that acti-
vation of p38 MAPK in vivo causes death of CD8" T cells, but
not CD4" T cells (31). While activation of p38 MAPK is
sufficient to activate caspase 3 in CD8™ T cells (Fig. 4), it is not
sufficient to activate caspase 3 in CD4" T cells (see Fig. S3 in
the supplemental material). In correlation, we found that
CD4™" T cells are more resistant to Fas-induced death than
CD8™" T cells (see Fig. S3 in the supplemental material; also
unpublished observations) and that inhibition of p38 MAPK
did not significantly affect Fas-induced death in CD4" T cells
(see Fig. S3 in the supplemental material). Thus, it is possible
CD4" T cells have a mechanism (e.g., accumulation of anti-
apoptotic molecules) that increased death resistance compared
with CD8" T cells.

Caspase 8 plays a necessary and nonredundant role in Fas-
mediated cell death (42, 52). The involvement of p38 MAPK in
Fas-dependent caspase 8 activation remains unclear. It has
been proposed that p38a, but not p38p, facilitates Fas-medi-
ated activation of caspase 8§ by inhibiting the phosphorylation
and presence of c-FLIPg in the DISC in Jurkat tumor cells
(49). In contrast, in neutrophils p38 MAPK directly phosphory-
lates and inhibits the activities of caspase 8 and caspase 3 (1).
Here, we show that p38 MAPK inhibition has little effect on
Fas-induced caspase 8 cleavage. Thus, p38 MAPK does not
seem to be required for caspase 8 activation by Fas in CD8™
T cells.

Although it has been shown that mitochondrion-mediated
caspase 9 activation also contributes to Fas-mediated cell
death by cleaving and activating caspase 3, this pathway ap-
pears to be more redundant and its relative contribution to
Fas-mediated death depends on the cell type. Thymocytes de-
ficient for caspase 9 remain sensitive to anti-Fas antibody-
induced cell death (21). Hepatocytes and activated T cells are
also equally sensitive to Fas death signals in the absence of
caspase 9 (12, 65). It has been proposed that type I cells
exclusively use the caspase 8-mediated caspase 3 activation
pathway, while type II cells also require mitochondrial damage
to mediate cell death through Fas (45). Although the specific
contribution of caspase 9 to Fas-mediated cell death in primary
nonstimulated CD8" T cells has not been described, here we
show that inhibition of p38 MAPK in these cells impairs Fas-
triggered caspase 3 activation and cell death by inhibiting
caspase 9. Thus, these results suggest that caspase 9 is likely to
play a role in the Fas ligation-induced cell death of CD8"
T cells.

While the activation of the caspase 8 pathway by Fas is well
established, the activation of mitochondrial damage and
caspase 9 is not as clear. It is now believed that upon Fas
ligation, Bid is cleaved by active caspase 8 and translocates into
the mitochondria, thus facilitating cytochrome ¢ release and
activating caspase 9 (24, 61). However, Bid expression is im-
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perceptible in resting CD4™ T lymphocytes (32). Similarly, we
were unable to detect the Bid protein in CD8" T cells (data
not shown), suggesting that Bid is unlikely to play a role in the
mitochondrion-mediated Fas death of nonactivated T lympho-
cytes. In this study, we propose an alternative mechanism for
the induction of mitochondrial damage and activation of
caspase 9 in response to Fas ligation. We propose that Fas-
induced cytochrome ¢ release from the mitochondria is the
result of decreased mitochondrial Bcl-2 and Bcl-x; levels and
that this effect is mediated by p38 MAPK.

Several mechanisms have been proposed for p38 MAPK to
induce cell death by regulating Bcl-2 family members, depend-
ing on the stimuli or the cell type. p38 MAPK has been re-
ported to play a role in regulating the cleavage of Bid in
response to oxygen species, but the mechanism for this process
has not been investigated (67). As mentioned above, no Bid
protein was detected in resting CD8™ T cells. p38 MAPK has
also been shown to phosphorylate Bax in neurons and thymo-
cytes, affecting its translocation to the mitochondria in re-
sponse to nitric oxide (10) and glucocorticoids (62), respec-
tively. We did not observe any significant differences in
mitochondrial Bax accumulation in CD8™" T cells as a result of
FasL treatment. In correlation, activation of p38 MAPK itself
did not increase the levels of mitochondrial Bax (Fig. 5B and
6D). Instead, we observed a profound decrease in the mito-
chondrial levels of Bcl-2 and Bel-x; in CD8" T cells caused by
p38 MAPK activation. Moreover, we demonstrate that FasL
decreases the mitochondrial levels of Bel-2 and Bcl-x; in CD8"
T cells and that this effect is mediated by p38 MAPK. We
therefore propose that p38 MAPK leads to mitochondrial
damage in response to Fas ligation by preventing mitochon-
drial accumulation of these two antiapoptotic molecules in
CD8™ T cells.

It has been shown that JNK phosphorylates Bcl-2 on Ser70,
Ser87, and Thr69 (60) and Bel-x; on Thr47 and Thr115 (20). In
this study, we show for the first time that p38 MAPK activated
upon Fas ligation also phosphorylates Bcl-2 and Bel-x,_(Fig. 7).
In addition, we show that p38 MAPK shares the JNK phos-
phorylation sites in Bel-x; and it is highly possible that it shares
the JNK phosphorylation sites in Bcl-2. Thus, both pathways
can regulate cell death by phosphorylation of antiapoptotic
Bcl-2 family members and the relative contribution could de-
pend on the cell type or the environment where activation
takes place. We have shown that unstimulated CD8" T cells
contain very low levels of JNK1 and JNK2 (6) and that acti-
vation in response to FasL treatment is very low, transient, and
dependent upon caspase activation (Fig. 1). Thus, we propose
that p38 MAPK is likely the kinase to initiate the phosphory-
lation of the Bcl-2 family proteins, activation of caspases, and
induction of death in response to Fas ligation in unstimulated
CD8™ T cells.

Our studies suggest a novel mechanism by which p38§ MAPK
can mediate apoptosis via the phosphorylation of two newly
identified p38 MAPK substrates, Bcl-2 and Bel-x;_ (Fig. 8). Our
results also establish p38 MAPK activation as a critical link
between Fas signaling and the mitochondrial death pathway in
unstimulated CD8" T cells. Furthermore, the p38 MAPK
pathway appears to be the critical pathway in CD8" T cells for
eliciting cell death in response to FasL. The role of Fas in
death of T cells prior to activation remains poorly understood.



2128 FARLEY ET AL.

FasL CD8* T cell

=\

Zo”

Bcl-xL, Bel-2

Caspase 8

% Cytochrome C

./"B*)

/ Caspase 9
Caspase 3

Apoptosis

FIG. 8. Role for Fas-induced p38 MAPK activity in apoptosis of
CD8™ T cells.

Since Fas-deficient mice accumulate CD8* and CD4™ T cells
in addition to the CD4~ CD8™ T-cell receptor «/B-positive T
cells (5), it is clear that Fas has a critical role in regulating
T-cell homeostasis in vivo. In this regard, a recent study has
shown that in the absence of Fas, T cells accumulate to signif-
icantly higher levels after transfer into lymphopenic recipients
(8), indicating that Fas-mediated death could be a principal
regulator of homeostasis for unstimulated CD8" T cells. We
propose that the p38 MAPK may play a role in this event.
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