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Activation-induced cell death (AICD) plays a critical role in the maintenance of homeo-
stasis and peripheral tolerance in the immune system, and is mediated by Fas ligand
(FasL) expression and the interaction between Fas and FasL. In the present study, we
examined the role of the ubiquitin-proteasome system in AICD using T cell hybridoma
N3-6-71 cells. The peptidyl aldehyde proteasome inhibitor carbobenzoxyl-Ile-Glu(O-¢-
butyl)-Ala-leucinal (PSI) blocked T cell receptor (TCR) stimulation-induced apoptosis in
the T cell hybridoma. Fas and FasL gene expression and mouse FasL promoter activity
following TCR stimulation were suppressed by PSI pretreatment. Deletion or point
mutation of the kB site in the FasL promoter region did not suppress inducible FasL
promoter activity effectively. PSI blocked extracellular signal-regulated kinase (ERK)
activity induced by TCR stimulation, but had no effect on c-jun N-terminal kinase acti-
vation. ERK activation was essential for FasL expression and AICD. The initial tyrosine
phosphorylation steps following TCR stimulation, i.e., phosphorylation of CD3{ and Vav,
were not altered by PSIL These data suggest that the ubiquitin-proteasome system has
some regulatory function at an intermediate step between the initial tyrosine phospho-
rylation steps and ERK activation in AICD.

Key words: activation-induced cell death, apoptosis, extracellular signal-regulated

kinase, Fas ligand, proteasome.

Engagement of T cell receptor (TCR) on naive T cells trig-
gers the expression of cytokines such as IL-2, clonal expan-
sion, and differentiation to effector cells, while preactivated
T cells undergo activation-induced cell death (AICD) as the
response to a second antigenic stimulus to terminate an
immune response (1, 2). AICD is lymphocyte apoptosis that
follows lymphocyte activation by any stimulus, including
TCR engagement, with the antigen bound to MHC mole-
cules or anti-CD3 antibody, and is crucial for the mainte-
nance of T cell homeostasis and peripheral tolerance (1, 2).
AICD of peripheral mature T lymphocytes and T cell hybri-
domas induced by TCR stimulation is dependent on tran-
scriptional activation and expression of Fas ligand (FasL)
and ligation to Fas, the receptor for FasL, on the surface of
activated T cells (3-5). Binding of FasL to Fas triggers
rapid apoptosis in the Fas-expressing T cells. However, lit-
tle is known about transcriptional regulation of the FasL
gene in AICD.

The 26S proteasome is an ATP-dependent protease that
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catalyzes the rapid degradation of abnormal proteins or
short-lived regulatory proteins (6). Most of these proteins
are at first ubiquitinated by a ubiquitin-conjugating system
composed of ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2), and ubiquitin protein ligase (E3),
and then degraded by the 26S proteasome. The ubiquitin-
proteasome system is involved in a variety of physiological
cellular functions including the cell cycle, stress response,
antigen processing, and transcriptional regulation (6). Re-
cently, this system was shown to be crucial for the regula-
tion of apoptosis. We and others showed that specific inhibi-
tors of the proteasome, carbobenzoxyl-Ile-Glu(O-t-butyl)-
Ala-leucinal (PSI) or lactacystin, induced apoptosis in
mouse RVC lymphoma cells, PC12 pheochromocytoma
cells, and U937 monoblast cells (7-9). In contrast to the
apoptosis-inducing effect of the proteasome inhibitors in
these cell types, thymocyte apoptosis induced by dexa-
methasone, +y-irradiation, or etoposide was prevented by
the proteasome inhibitors (10-13). Proteasome inhibitors
also antagonized apoptosis induced by nerve growth factor
withdrawal in rat sympathetic neurons (12).

Regarding the relationship between AICD and the ubig-
uitin-proteasome system, it has been reported that lacta-
cystin inhibited AICD in T cell hybridoma (DO.11.10) by
suppressing Fas and FasL expression (13). Binding sites for
transcription factors including AP-1, nuclear factor of acti-
vated T cells (NFAT), and nuclear factor—«B (NF-«B) have
been identified on the FasL promoter (14-16). NF-kB acti-
vation is achieved through the degradation of IkB by the
26S proteasome following TCR stimulation, and protea-
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some inhibitors inhibit this activation (17). The inducible
FasL: promoter activity is suppressed by IkBa overexpres-
sion or mutation of the kB site on the FasL promoter (14,
16, 18). An NF-kB overexpression study showed that NF-
kB alone is sufficient to activate Fasl. gene expression (19).
However, a mutant T cell line lacking expression of the
essential NF-xB signaling component IKKy was reported to
have normal FasL gene expression (20). The inhibitory
mechanisms of proteasome inhibitors on FasLl. expression
in AICD are still unknown.

TCR stimulation triggers activation of multiple protein
tyrosine kinases, resulting in phosphorylation of intracellu-
lar proteins including CD3{, ZAP-70, Vav, Grb2, and LAT
(21). Recruitment of Grb2/SOS or SLP-76/Vav complexes to
the plasma membrane by tyrosine-phosphorylated LAT is
required for the activation of Ras, a guanine nucleotide
binding protein (22). Ras activation by guanine nucleotide
exchange factors, SOS and Vav, which convert the GDP-
bound form of Ras to the active GTP-bound form, results in
the activation of the downstream Raf/MEK/ERK signaling
transduction (22). Expression studies of dominant negative
Ras or MEK mutants in T cells have indicated that the
Ras/ERK pathway is required for FasL expression and apo-
ptosis in AICD of T cells (15, 23).

To examine the relationship between AICD and the ubig-
uitin-proteasome system in detail, we studied the effect of
proteasome inhibitors on apoptosis, Fas/Fasl, expression,
and signal transduction in T cell hybridoma N3-6-71 cells
stimulated by anti-CD3 antibody. We demonstrated that
proteasome inhibitors inhibited AICD, activation of Fas/
FasL expression, and the promoter activity of FasL. We also
showed that ERK activation but not CD3{- and Vav-tyro-
sine phosphorylation were abolished by proteasome inhibi-
tors.

MATERIALS AND METHODS

Materials—Anti-CD3e antibody was purified from the
ascites fluid of SCID mice grafted with 145-2C11 cells by
protein A-Sepharose chromatography. The proteasome in-
hibitors Z-Ile-Glu(Obut)-Ala-Leu-H (PSI), Z-Leu-Leu-Leu-H
(Z-LL1-H, MG-132), and Z-Leu-Leu-Nva-H (MG-115), and
the calpain inhibitor Z-Leu-Leu-H (Z-LL-H) were obtained
from the Peptide Institute (Osaka). Anti-phospho-specific
ERK, anti-ERK, anti-JNK, anti-Vav, and anti-CD3{ were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). The ECL protein biotinylation module, anti-phospho-
tyrosine-HRP conjugate, and ECL Western blotting detec-
tion reagents were purchased from Amersham Pharmacia
Biotech (Buckinghamshire, England). The anti-rabbit IgG-
HRP conjugate and protein G-Sepharose were obtained
from DAKO (Denmark) and Sigma (St. Louis, MO), respec-
tively. PHAS-I and GST-c~Jun were purchased from Calbio-
chem (La Jolla, CA).

Cells and TCR Stimulation—The murine T cell hybri-
doma N3-6-71 cells were kindly provided by Dr. T. Tada-
kuma (National Defense Medical College, Saitama) (24).
The cells were maintained in RPMI 1640 medium (Life
Technologies, Rockville, MD) supplemented with 10% heat-
inactivated fetal calf serum (Intergen, Purchase, NY), 50
pM 2-mercaptoethanol, and antibiotics. The cells were acti-
vated in tissue culture dishes that had been precoated over-
night with 10 pg/ml anti-CD3e antibody in PBS at 4°C. For
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the detection of tyrosine-phosphorylated CD3{ and Vav,
cells were suspended in 1 ml of culture medium and stimu-
lated with 1 pg of anti-CD3e antibody for 5 or 20 min at
37°C.

Apoptosis Assays—For the DNA fragmentation assay,
cells were harvested and lysed in 0.5% SDS containing 25
mM EDTA and 75 mM NaCl for more than 3 h on ice.
Fragmented and intact DNA were separated by centrifuga-
tion at 100,000 xg for 30 min at 0°C. The DNA content in
the supernatant and in the pellet was measured by the
fluorometric method described elsewhere (25). The percent-
age of fragmented DNA was defined as the ratio of DNA in
the supernatant (fragmented DNA) to that in the precipi-
tate plus supernatant DNA (total DNA). For the DNA lad-
der formation assay, cells were harvested and lysed in 50
mM Tris-HCI, pH 7.8, containing 0.5% sodium lauroy! sar-
cosilate and 10 mM EDTA. Samples were treated with
RNase A (0.5 mg/ml) for 15 min at 50°C, then with protein-
ase K (0.5 mg/ml) for 30 min at 50°C. The samples were
loaded onto a 1.8% agarose gel in TBE buffer (89 mM Tris,
89 mM boric acid, and 2 mM EDTA) containing 0.5 pg/ml
ethidium bromide and resolved using a submerged gel elec-
trophoresis system. Bands were visualized under UV light.

RT-PCR—Total RNA was isolated from the cells by the
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Fig. 1. Proteasome inhibitors block TCR stimulation-induced
apoptosis in N3-8-71 cells. A: N3-6-71 cells were preincubated
with 10 uM PSI for 30 min and stimulated with immobilized anti-
CD3 mAb. The graph shows the percentage of DNA fragmentation
in N3-6-71 cells treated with anti-CD3 mAb (open cirdes), anti-CD3
mADb plus PSI (close circles), or PSI (open triangles). B: N3-6-71 cells
were stimulated with immobilized anti-CD3 mAb for 15 h in the
presence or absence of protease inhibitors. Cells were harvested and
analyzed by the apoptotic ladder formation assay.
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method of Chomczynski and Sacchi (26), and ¢DNA was
synthesized from 10 pg of total RNA in a reaction mixture
containing 300 ng of oligo(dT) primer, 50 U of Moloney
murine leukemia virus reverse transcriptase, and 40 U of
RNase inhibitor. The PCR reaction was performed in a 50-
pl reaction mixture containing 2 pl of ¢cDNA, 20 pmol of
fluorescein-labeled Fas primers (forward, 5-CGAGAGTT-
TAAAGCTGAGGAGG-3; reverse, 5-ACTGGAGGTTCTA-
GATTCA-GGG-3), Fas ligand primers (forward, 5-CAA-
CACAAATCTGTGGCTACCG-3'; reverse, 5-CCCATATCT-
GTCCAGTAGTGCA-3"), or GAPDH primers (forward, 5'-
ACCACAGTCCATGCCATCAC-3; reverse, 5-TCCACCAC-
CCTGTTGCTGTA-3) and 2.5 U of Taq polymerase. The
conditions for PCR were 1 min at 94°C, 1 min at 60°C, and
2 min at 72°C for 27 cycles. The PCR products were then
resolved by electrophoresis on a 5.0% polyacrylamide gel
and quantified by Gene Scan or resolved by electrophoresis
on a 1.8% agarose gel containing ethidium bromide in TBE
buffer and visualized under UV light. All of the PCR prod-
ucts were confirmed by nucleotide sequencing.

Plasmid Constructs and Luciferase Assay—A mouse
FasL promoter fragment (approximately 2.4 kb) was ampli-
fied by genomic PCR using a Universal GenomeWalker kit
(Clontech Laboratories, Palo Alto, CA) (GenBank accession
no. AF045739). A FasL reporter plasmid construct was cre-
ated by insertion of the Xhol-HindllI-flanked FasL pro-
moter fragment into the pGL3-basic luciferase reporter
vector (Promega, Madison, WI). Deletions and point muta-
tions in the FasL: promoter region were made by the exonu-
clease/mung bean nuclease method and site-directed muta-
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genesis according to the manufacturer’s instructions, re-
spectively. For transient transfections, 1x10% cells were
incubated for 4 h at 37°C with a mixture of 10 pl of
DMRIE-C (Life Technologies) and 5 pg of reporter plasmid
DNA in 1 ml of DMEM medium, and then 3 ml of RPMI
1640/15% FCS was added. The cells were stimulated with
immobilized anti-CD3e antibody for 12 h. The cells were
harvested and luciferase activity was determined by using
a luciferase assay kit (Promega) and a Lumat LB9506
luminometer (Berthold, Germany).

Immunoprecipitation and Western Blotting—Cells (3—
5x107) were lysed by incubation for 30 min on ice with lysis
buffer containing 10 mM Tris (pH 7.4), 1% Triton X-100,
100 mM NaCl, 50 mM NaF, 5 mM EDTA, 2 mM EGTA, 1
mM Ng,VO,, 1 mM PMSF, and 10 pg/ml leupeptin. The
lysate was clarified by centrifugation at 12,000 xg for 15
min. Proteins were immunoprecipitated with 2 pg of anti-
CD3{ or anti-Vav antibody for 1 h and then with 20 ul of
protein G-Sepharose (50% w/v slurry) for 1 h at 4°C. The
immunoprecipitated proteins were washed, subjected to
SDS-PAGE, and transferred to polyvinylidene difluoride
membranes. After blocking with 5% skim milk in PBS over-
night at 4°C, the membranes were incubated with biotiny-
lated anti-CD3{ or anti-Vav antibody in PBS containing
0.5% skim milk for 1 h at room temperature. The mem-
branes were then probed with streptavidin horseradish
peroxidase conjugate and visualized by the enhanced
chemiluminescence (ECL) method according to the manu-
facturer’s instructions. For phosphotyrosine immunoblot-
ting, the blots were probed with anti-phosphotyrosine
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Fig. 2. Fas and FasL expression in N3-6-71
cells following TCR stimulation. A: Time
course of activation-induced Fas and FasL ex-
pression in N3-6-71 cells. The cells were incu-
bated with immobilized anti-CD3 mAb. Fas
and FasL expression were assessed by quanti-
tative RT-PCR using the fluorescent-labeled
primer method. The results are shown as the
relative expression normalized by the GAP-
DH expression. B: The stimulation of expres-
gion of both Fas and Fas ligand expression
was inhibited by PSI. The cells were preincu-
bated with 10 pM PSI for 30 min and stimu-
lated with immobilized anti-CD3 mAb for 4 h.
The results are shown as the relative expres-
sion compared with that in TCR-stimulated
N3-6-71 cells. The data are the mean values of
three independent experiments. C: Effect of
protease inhibitors on Fas and FasL: expres-
sion induced by TCR stimulation. The cells
were stimulated with anti-CD3 mAb in the
presence or absence of protease inhibitors.
The cells were harvested and analyzed by RT
PCR. The PCR products were separated by
electrophoresis on a 1.2% agarose gel and vi-
sualized by ethidium bromide staining.
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horseradish peroxidase conjugate in TBS containing 0.5%
bovine serum albumin.

In Vitro Kinase Assay—The immunoprecipitates with
anti-ERK2 or anti-JNK2 antibody were washed twice with
the washing buffer containing 10 mM Tris (pH 7.5), 0.1 M
NaCl, 1 mM EDTA, and 0.1 mM NayVO,. The precipitates
were then incubated for 30 min at 30°C with 2 pg of PHAS-
I or GST-cJun in kinase buffer containing 10 pCi of [y-
¥PJATP, 10 mM HEPES (pH 7.5), 10 mM MgCl,, 15 uM
ATP, 1 mM dithiothreitol, and 0.1 mM Na,VO,. The kinase
reaction was stopped with SDS-PAGE sample buffer. The
lysates were resolved by SDS-PAGE. The gels were fixed
with 10% triacetic acid for 15 min, dried and analyzed
using a Molecular Imager (Bio-rad, Herculus, CA).

RESULTS

Proteasome Inhibitors Block TCR Stimulation-Induced
Apoptosis and Fas/FasL Expression—To investigate the
role of proteasomes in AICD, we tested the effect of protea-
some inhibitors on apoptosis induced by anti-CD3 treat-
ment in T cell hybridoma N3-6-71 cells (Fig. 1). N3-6-71
cells were preincubated with 10 uM PSI for 30 min, then
incubated with the immobilized anti-CD3 antibody. DNA
fragmentation was detected at 9 h, and increased to about
22% at 15 h after TCR stimulation (Fig. 1A). PSI potently
inhibited DNA fragmentation to the level in cells treated
with PSI alone. Other proteasome inhibitors, MG-132 and
MG-115, also inhibited the apoptotic ladder formation effec-
tively at 1 pM and more intensely at 10 pM (Fig. 1B). The
DNA fragmentation was not inhibited by Z-LI-H, a calpain
inhibitor, at 10 pM, suggesting that the calpain inhibitory
activity of MG-132 and MG-115 was not involved in the
prevention of apoptosis.

As AICD following TCR stimulation depends on Fas/FasL
interaction (3), we examined whether the expression of Fas
and/or FasL is induced by anti-CD3 treatment in N3-6-71
cells. In unstimulated cells, a low level of Fas mRNA ex-
pression was detected, but FasL. mRNA expression was not
detected by quantitative RT-PCR using fluorescein-isothio-
cyanate-labeled PCR primers for Fas or FasL (Fig. 2A).
Treatment with anti-CD3 antibody potently induced both
Fas and FasL expression in a time-dependent manner (Fig.
2A). When the cells were stimulated with anti-CD3 anti-
body in the presence of neutralizing anti-Fas ligand anti-
body, DNA fragmentation was completely inhibited (data
not shown). These results indicate that anti-CD3 antibody—
induced apoptosis in N3-6-71 cells depends on Fas-FasL
interaction. Next we examined the effect of PSI on Fas and
FasL expression. Pretreatment with PSI strongly blocked
the expression of both Fas and FasL mRNAs (Fig. 2B). The
level of Fas transcript induced by anti-CD3 antibody in the
presence of PSI was lower than that induced in the control
(Fig. 2B). However, anti-Fas antibody-induced apoptosis in
N3-6-71 cells was not inhibited by PSI (data not shown).
The induction of FasL expression by anti-CD3 antibody
treatment was also inhibited by the addition of MG-132 or
MG-115, whereas Z-LL-H, a calpain inhibitor, failed to
block FasL mRNA induction (Fig. 2C).

Functional Analysis of Mouse FasL Promoter—Recently,
potential binding sites of transcription factors such as
NFAT, RE3, and NF-kB on the mouse FasL promoter (Fig.
3A) have been shown to be involved in TCR stimulation—
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induced apoptosis (14-16).

To examine the effect of proteasome inhibitor on FasL
promoter activity stimulated by anti-CD3 antibody, the pro-
moter region of the FasL gene was amplified by genomic
PCR using the gene-walking method. The promoter frag-
ment was cloned into a luciferase reporter plasmid, and a
series of reporter plasmids under the control of a gradually
shortened promoter region was constructed. The luciferase
activity of the Fasl: —241 (-241 to +89) reporter construct
was stimulated 20-fold by treatment with anti-CD3 anti-
body as compared with the luciferase activity of unstimu-
lated cells (Fig. 3C). Both deletions of the regions from —-155
to —89 and from —89 to —55, which contain the previously
identified RE3 and «B sites, respectively, reduced the level
of activation by anti-CD3 treatment (Fig. 3C). To investi-
gate the role of the RE3 and kB sequences in the transcrip-
tional activation of the mouse FasL promoter, point muta-
tions of the RE3 and kB sites were introduced in the FasL —
241 reporter construct by site-directed mutagenesis (Fig.
3B). The point mutation of the RE3 site resulted in a 75%
loss of the inducible promoter activity. In contrast, the point
mutation of the kB site was less effective (Fig. 3C).

PSI potently inhibited the inducible promoter activity of
the FasL. —241 reporter plasmid (Fig. 3C). On the other
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Fig. 3. The region from -241 to -89 on the Fas promoter has
binding sites for transcription factors that are negatively
regulated by PSL A: Schematic representation of mouse FasL pro-
moter. The arrowhead indicates the transcriptional initiation site
(position +1). TATA and other predicted transcription factor binding
motifs are indicated by boxes. B: Constructs of reporter plasmids
with mutations in RE3- and xB-like binding sites. The base pair
changes in the binding site for each transcription factor are indi-
cated by arrows. C: N3-6-71 cells were transfected by lipofection
with 10 pg of pGL3 reporter plasmid under the control of the indi-
cated FasL promoter. Transfected cells were stimulated with immo-
bilized anti-CD3 mAb in the presence or absence of PSI for 12 h.
Cells were lysed and assayed for luciferase activity. The fold-activa-
tion value was calculated by comparison with the activity of the
transfectants cultured without treatment. The activity induced by
PSI plus TCR stimulation is shown in parentheses as a percentage
of that induced by TCR stimulation alone.
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hand, progressive deletion of the region from —241 to -155
and from -155 to -89 resulted in increases of the residual
promoter activity after PSI treatment from 6.3 to 37.7%
and from 37.7 to 126%, respectively (Fig. 3C). These results
suggest that the region from —241 to —155 and that from
—-155 to -89 (presumably RE3) are responsible for the in-
hibitory effect of PSI on Fasl expression.

An NFAT binding site has been identified in the region
from —241 to —155 of the FasL promoter (15, 27). Moreover,
consensus sequences of SP1 and c-Rel were also found to
partially overlap the NFAT binding site in this region (28,
29). We next examined the effect of point mutations of
these sequences (Fig. 4A) on the promoter activity of the
Fas ligand —241 reporter plasmid. The point mutations of
the SP1-like and the c-Rel-like sites as well as the NFAT
binding site markedly reduced the promoter activities re-
gardless of TCR stimulation (Fig. 4B). PSI inhibited the in-
ducible promoter activity of each point mutation less effec-
tively than that of the wild-type promoter. These results
suggest that the GGGCGGAAACTTCC sequence (from
—168 to —155) is essential for the inducibility in response to
TCR stimulation and the inhibitory effect of PSI.

PSI Inhibits Activation of ERK but Not JNK Following
TCR Stimulation—TCR Stimulation activates the Ras/
ERK pathway and Ra/JNK pathway in T cells (21), and T
cell activation is inhibited by the dominantly interfering
Ras and MEK inhibitor PD98059 (30, 31). We therefore
examined whether PSI affects ERK activation following
anti-CD3 antibody stimulation. The activation of ERKs was
assessed by assaying the tyrosine phosphorylation (Y204)
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Fig. 4. Effect of PSI on inducible activity of FasL. promoter
mutated in region from -241 to -155. A: Constructs of reporter
plasmids with mutations in SP1-, NFAT, and c-Rel-like binding
sites. B: N3-6-71 cells were transfected by lipofection with 10 pg of
pGL3 reporter plasmid under the control of the indicated FasL pro-
moter. Transfected cells were stimulated with immobilized anti-CD3

mAb in the presence or the absence of PSI for 12 h. Cells were lysed
and assayed for luciferase activity.
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of ERKs stimulated by anti-CD3 antibody. Phosphorylation
of both ERK1 and ERK2 was detected after 5 min of stimu-
lation and up-regulated after 30 min to a maximum level,
although the latter was predominant (Fig. 5A). PSI
potently inhibited ERKs activation. Proteasome inhibitors
MG-115 and MG-132 also blocked the anti-CD3-stimula-
tion—induced ERKs activation (data not shown). To confirm
this effect, we measured the kinase activity of ERK2, the
dominant form of ERKSs, using an in vitro kinase assay. PSI
reduced the induction of ERK2 kinase activity by TCR
stimulation (Fig. 5B). To evaluate the effect of PSI on JNK
activation following TCR stimulation, we measured immu-
noprecipitated JNK1 activity using GST-c-Jun as substrate
(Fig. 5C). JNK activation was detectable at 10 min and was
further increased at 4 h after anti-CD3 antibody treatment.
PSI did not inhibit the activation of JNK activity; rather,
pretreatment with PSI accelerated the activation of JNK.
To investigate whether the activation of the Ras/ERK sig-
naling pathway is essential for AICD, we analyzed the
effect of MEK inhibitor PD98059 on apoptosis and FasL ex-
pression following TCR stimulation. PD98059 inhibited the
apoptotic DNA ladder formation (Fig. 6A) and FasL. mRNA
expression (Fig. 6B) in a dose-dependent manner.

PSI
A
antl-CD3 (min)
0 5 15 30 60 0 5 15 30 60
pERK1
e ——— — pERKZ
B PSI
anti-CD3 (min)
IP: ERK2 0 5 20 0 5 20
PHAS-I S - e -
IB: ERK2 o — — -
PSI
C

anti-CD3 (min)
IP:JNK1 0 10 30 60 120 240 0 10 30 60 120 240

GST-¢-Jun - e . am e o e

Fig. 5. PSI inhibits activation of ERK but not JNK following
TCR stimulation. A: N3-6-71 cells were incubated in anti-CD3 an-
tibody—coated dishes in the presence or absence of PSI for various
times as indicated. ERK activation was assessed by monitoring the
phosphorylation of specific threonine and tyrosine residues. Cell ly-
sates (20 pg/llane) were analyzed by probing the immunoblot with
anti-phospho-specific ERK Ab. B and C: N3-6-71 cells were treated
as described above. Cells were lysed and the lysates were incubated
with 2 ug of anti-ERK (B) or anti-JNK (C) Ab, and then immunocom-
plexes were precipitated with protein G-Sepharose. ERK and JNK
activities in the immunoprecipitates were measured by in vitro ki-
nase assays using PHAS-I and GSTc-Jun as the substrate, respec-
tively.
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Fig. 6. MEK inhibitor PD98059 blocks AICD and FasL expres-
sion following TCR stimulation. A: N3-6-71 cells were preincu-
bated with PD98059 for 60 min and stimulated with immobilized-
anti-CD3 antibody for 12 h. Cells were harvested and analyzed by
apoptotic ladder formation assay. B: N3-6-71 cells were stimulated
with anti-CD3 antibody for 4 h in the presence or absence of PD-
98059. Cells were harvested and analyzed by RT-PCR.

Tyrosine Phosphorylation of CD3¢ and Vav Following
TCR Stimulation—TCR stimulation leads to tyrosine phos-
phorylation of CD3{ and Vav via the activation of protein
tyrosine kinases such as Lck and ZAP-70 (21). Tyrosine
phosphorylation of CD3{ and Vav transduces TCR signal-
ing to the downstream Ras/ERK pathway or Rac/JNK
pathway (21). We tested the effect of PSI on tyrosine phos-
phorylation of CD3({ (Fig. 7A) and Vav (Fig. 7B) in N3-6-71
cells following anti-CD3 antibody treatment. PSI did not
affect the enhancement of CD3{ or Vav tyrosine phosphory-
lation by TCR stimulation.

DISCUSSION

The ubiquitin-proteasome system is important for the regu-
lation of apoptosis as well as the cell cycle, antigen process-
ing, and transcription (6-9). Inhibition of the proteasome
system prevents dexamethasone- or etoposide-induced thy-
mocyte apoptosis and AICD in T cell hybridomas following
TCR stimulation (10, 11, 13). Induction of AICD depends
on the activation of FasL expression at the transcriptional
and protein levels, and on the Fas/FasL interaction-acti-
vated apoptosis signaling (3-5). It is known that protea-
some inhibitors suppress FasL expression during AICD due
to the blockage of NF-«B activation by degradation of IkB.
However, the other factors affecting the regulation of FasL
expression by proteasomes are still unknown.
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Fig. 7. Effect of PSI on tyrosine phosphorylation of CD¥ and
Vav following TCR stimulation. N3-6-71 cells were stimulated
with anti-CD3 mAb in the presence or absence of PSI for 20 min (A)
or for various times as indicated (B). Cells were lysed and cell lysates
were immunoprecipitated with anti-CD3{ Ab (A) or anti-Vav Ab (B).
Immunoprecipitates were resolved by SDS-PAGE and immunoblot-
ted with anti-phosphotyrosine mAb.

In this study, we showed that the proteasome functions
in the activation of the Ras/ERK signaling pathway follow-
ing TCR stimulation. AICD, the induction of FasL expres-
sion, and ERK activation following TCR stimulation were
inhibited by PSI and other proteasome inhibitors (MG-132
and MG-115). MG-132 and MG-115 inhibit calpain as well
as proteasome activity (32). Z-L1-H, which inhibits calpain
as potently as the peptidyl aldehyde of tri-leucine MG-132
(Z-L11L-H) but possesses little proteasome inhibitory activ-
ity, failed to inhibit AICD (Fig. 1B), the induction of FasL
expression (Fig. 2C), and ERK activation (data not shown).
Thus, the inhibitory effects of MG-132 and MG-115 are con-
sidered likely to be due to the inhibition of the proteasome.

A potential target by which the ubiquitin-proteasome
system regulates Fasl. expression following TCR stimula-
tion is the NF-xB inhibitory protein IkB. The inducible
FasL promoter activity is suppressed by IkBa overexpres-
sion or mutation of kB sites on the FasL promoter (14, 16,
18). NF-«kB (RelA) overexpression enhances FasL: promoter
activity and FasL gene expression (19). Indeed, the muta-
tion of the NF-«kB binding site in the region from nucleotide
—63 to -54 relative to the transcription start site partially
suppressed the inducible FasL promoter (Fig. 3C), suggest-
ing that one of the targets for the proteasome inhibitor is
the inhibition of NF-kB activation. However, the suppres-
sion was not predominant. Although we did not examine
the involvement of other NF-«B binding sites in the mouse
FasL, promoter on FasL gene expression, IKKy, which is
essential for NF-kB activation, has been shown not to be
required for FasL expression and AICD (20). These findings
suggest that proteasome inhibitors suppress FasL expres-
sion by inhibiting regulator(s) other than IkB for NF-xB
activation.
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The GGGCGGAAACTTCC sequence contains an NFAT-
responsive element that is important for FasL expression
(Fig. 4B). Point mutation of not only the NFAT site but also
potential binding sites of SP1 or c-Rel in this segment
markedly reduced the inducible FasL. promoter activity
(Fig. 4B). SP1, which is a general transcription factor, can
bind to and act through GC-boxes (28). SP1 interacts with
many transcription factors including TATA-box binding
protein TBP, and TBP associated factors dTAFII110/
hTAFII130 and hTAF55. Proteins other than SP1, such as
Krippel-like factors and C2H2 type zinc finger proteins
(28) also recognize the SP1 site, suggesting that certain fac-
tors binding to this site might be PSI responsive. However,
we were not able to identify the protein that binds to this
site in the FasL promoter. C-Rel is a member of the Rel/NF-
kB family, and the GGAAACTTCC sequence i3 a potential
binding site of NF-kB (RelA/p50) as well (29). However, we
and others have failed to detect inducible NF-kB binding
activity using this sequence as a probe in gel shift assays
(16). Thus the identification of the transcription factor(s)
that interacts with the GGGCGGAAACTTCC sequence
may be important for clarifying the mechanism of the regu-
lation of Fasl expression by the ubiquitin-proteasome sys-
tem.

TCR engagement leads to the activation of signal trans-
duction pathways such as the Ras/ERK pathway and the
Rac/JNK pathway (21). MAPKs including ERK1/2, JNK,
and p38 MAPK are involved in the regulation of cell prolif-
eration, differentiation, survival, and apoptosis (30, 31). In
general, ERK activation promotes cell proliferation and
inhibits cell death whereas the activation of JNK and p38
MAPK is associated with the promotion of apoptosis (31).
However, under some circumstances, the Ras/ERK path-
way plays a proapoptotic role (33). Apoptosis induction by
forced c-Myc expression was enhanced by co-expression of
Raf-activating Ras mutant V12 S35 or constitutively active
Raf (34). In mouse embryo fibroblasts, the expression of v-
Ras or v-Raf results in ERK activation and induces apopto-
sis (35). In AICD of T cells, overexpression of dominant neg-
ative Ras inhibits FasL: expression, and v-Ras expression
enhances FasL expression following TCR stimulation (15).
ERK inhibition by transfection of a dominant interfering
mutant of extracellular signal regulated protein kinase ki-
nase (MEK1) or pretreatment with the specific MEK1 in-
hibitor prevents the induction of FasL expression during
AICD (23, 36). We also confirmed that MEK1 inhibitor
PD98059 effectively blocked AICD and FasL expression as
well as PSI (Fig. 6). In this study, we observed that protea-
some inhibitors blocked ERK2 activation, FasL expression,
and AICD. These data suggest that activation of the Ras/
ERK pathway is essential for induction of FasL expression
followed by AICD, and that the proteasome inhibitors sup-
press the proapoptotic function of the Ras/ERK pathway.

TCR stimulation leads to the activation of a non-receptor
tyrosine kinase, Lck, which phosphorylates CD3¢ and ZAP-
70 (21). Subsequent tyrosine phosphorylation of Vav, SLP-
76, and LAT through Lck and ZAP-70 is essential for down-
stream signal transduction (21). We observed that tyrosine
phosphorylation of CD3{ and Vav following TCR stimula-
tion was not altered in the presence of PSI (Fig. 7), indicat-
ing that the proteasome inhibitor has no effect on the
initial tyrosine phosphorylation steps. It may function at
some downstream step that is regulated by proteasomes.
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In the present study, we showed that RE3 and the
GGGCGGAAACTTCC site are responsible for the negative
effect of PSI on the FasL expression (Fig. 4) and- that the
Ras/ERK pathway is regulated by the ubiquitin-protea-
some system in AICD. It remains to be elucidated whether
transcription factors which bind to the RE3 or the GGGCG-
GAAACTTCC site are directly regulated by the ubiquitin-
proteasome system or indirectly downregulated by the sup-
pression of the Ras/ERK pathway by PSI, and what regula-
tory molecule(s) in the activation of the Ras/MAPK path-
way are regulated by the ubiquitin-proteasome system.

We thank T. Tadakuma and Y. Onishi for helpful discussions and
A. Gokan for technical assistance.
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