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Bcl10 is a critical regulator of NF-kB activity in T and B cells, coupling antigen receptor signaling to NF-xB
activation via protein kinase C (PKC). Here we show that PKC or T-cell receptor (TCR)/CD28 signaling results
in downregulation of Bcll10 protein levels, thereby attenuating NF-kB transcriptional activity. Bcl10 degrada-
tion requires an intact caspase recruitment domain and is not observed after stimulation with tumor necrosis
factor a or lipopolysaccharides. Bcl10 downregulation is not affected by proteasome inhibitors but is accom-
panied by transient localization to lysosomal vesicles, suggesting involvement of the lysosomal pathway rather
than the proteasome. The HECT domain ubiquitin ligases NEDD4 and Itch promote ubiquitination and
degradation of Bcl10, thus downmodulating NF-kB activation. Since CD3/CD28-induced activation of JNK is
not affected by the decline of Bcl10, degradation of Bcll0 selectively terminates IKK/NF-kB signaling in
response to TCR stimulation. Together, these results suggest a new mechanism of negative signaling in which
TCR/PKC signaling initially activates Bcl10 but later promotes its degradation.

The NF-«kB and Rel transcription factors regulate expression
of genes involved in such diverse processes as inflammation,
immune response, differentiation, proliferation, and apoptosis
(23, 32). NF-«kB plays a central role in innate immunity and is
activated by signals initiated by tumor necrosis factor receptor,
interleukin-1 receptor, and Toll-like receptors. NF-kB is also
activated in T and B cells during the adaptive immune re-
sponse (26, 37, 55). Activation of T lymphocytes requires in-
teraction of the T-cell antigen receptor (TCR) with an antigen
peptide presented by a major histocompatibility complex.
While TCR engagement is essential for T-cell activation, pro-
ductive T-cell activation requires additional costimulatory re-
ceptors, of which CD28 is the most prominent (2, 54). TCR/
CD28 costimulation initiates a series of signal transduction
events which modulate the activity of several nuclear transcrip-
tion factors, including NF-kB, AP-1, and NF-AT, ultimately
leading to the activation, differentiation, and proliferation of T
lymphocytes (42).

In both B and T cells, signal transduction from antigen
receptors to NF-«kB requires protein kinase C (PKC) isoforms.
In B lymphocytes, PKCPB appears to be the major isoform that
transduces signals from the B-cell receptor to NF-kB (53, 59).
A great body of biochemical, pharmacological, and genetic
evidence supports a crucial role of PKC6 for activation of
NF-«B and interleukin-2 expression in response to TCR stim-
ulation in T cells (29). Nevertheless, conflicting results have
been obtained regarding the extent of PKC6 contribution to
NF-«B activation in peripheral T cells (45, 60). The protein
Bcl10, originally cloned from the chromosomal translocation
t(1;14) (p22;q32) found in mucosa-associated lymphoid tissue
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(MALT) B-cell lymphomas (69, 73), is also essential for anti-
gen receptor-induced NF-«kB signaling in B and T cells (51).
Lack of Bcll0 selectively blocks antigen receptor-mediated
NF-«B activation without affecting AP-1 activation, suggesting
that Bcll0 acts downstream of PKCs in an NF-kB-specific
pathway. Recently, it was demonstrated that Bcl10 controls the
development and function of mature B cells (70).

Overexpression of Bcll0 activates NF-kB (33, 69), but the
mechanism by which Bcl10 promotes NF-kB activation is not
fully understood. Transfected Bcl10 is phosphorylated under
certain conditions (20, 62), but the responsible protein kinase
has not been identified, nor has the function of this phosphor-
ylation been elucidated. Bcl10 contains an N-terminal caspase
recruitment domain (CARD), which mediates self-oligomer-
ization and is necessary and sufficient for NF-kB activation (33,
58). Bcl10 has been shown to associate with the paracaspase
Maltl (39), and target disruption in mice reveals that Maltl
operates downstream of the TCR, PKC#, and Bcll0 in the
IKK/NF-«B signaling cascade in T lymphocytes (50, 52). Fur-
thermore, Bcl10 binds to proteins of the membrane-associated
guanylate kinase (MAGUK) family, which include CARD?9,
CARDI10 (Bimpl or CARMA3), CARDI11 (Bimp3 or
CARMAL1), and CARD14 (Bimp2 or CARMA?2) via CARD-
CARD interactions (9, 10, 20, 66).

Recent experiments have demonstrated that the Bcl10 bind-
ing protein CARMAL is bridging antigen receptor proximal
signaling in both B and T cells to JNK activation and Bcl10-
mediated NF-kB induction (19, 25, 30, 47, 65). CARMAL
probably acts through coupling Bcl10 and PKC6 and other
potential regulators to the membrane. Congruently, PKC8,
CARMAI1, Bcll10, and IKKs are recruited to the membrane
and into lipid raft microdomains in response to TCR ligation
(13, 19, 67). In these lipid rafts, IKKs are most probably acti-
vated either through direct phosphorylation by an unknown
IKK kinase or through the induction of structural changes in
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the IKK complex, which is subsequently activated through en-
hanced autophosphorylation of IKKB/a (61).

Much genetic and biochemical evidence indicates that the
RING finger-containing ubiquitin ligases c-Cbl and Cbl-b and
the HECT (homology to the E6-AP carboxyl terminus) do-
main ubiquitin ligase Itch are critical negative regulators of
T-cell activation (8, 18). Cbl-b-deficient mice show increased
susceptibility to spontaneous or induced autoimmune disease
(7, 11, 17), while mutation or lack of Itch results in aberrant
activation of the immune response (16, 44). T cells from mice
engineered to lack both c-Cbl and Cbl-b did not efficiently
downmodulate surface TCR due to a defect in trafficking of the
internalized TCR to the lysosomal compartment, resulting in
sustained TCR signaling (41). Ubiquitination may target cel-
lular proteins for destruction by the 26S proteasome (27) or
direct trafficking of membrane-anchored proteins to lysosomal
vesicles for degradation (31, 40). Even though it is evident that
ubiquitin ligases play an important role in negatively regulating
T-cell activation, considerably less is known about the signaling
molecules that are substrates for degradation or the mecha-
nism through which degradation occurs.

Here we demonstrate that, in T cells, Bcl10 is posttransla-
tionally modified by phosphorylation and subsequently de-
graded in response to phorbol myristate acetate (PMA) stim-
ulation or CD3/CD28 coligation. Degradation of Bcll0
involves activation of PKCs and is accompanied by ubiquitina-
tion and trafficking to lysosomal vesicles. The CARD of Bel10
serves as a recognition motif for degradation. We show that
Bcl10 is a substrate for ubiquitination by the HECT-type ubig-
uitin ligases NEDD4 and Itch, and loss of Bcll0 mediated by
these E3 enzymes interferes with NF-«kB activation. Depletion
of Bcl10 correlates with cessation of TCR-induced NF-«kB and
IKK activation without affecting signaling to JNK. These re-
sults define a new negative-feedback mechanism in which
downregulation of Bcl10 through degradation might selectively
terminate induction of the NF-«kB signaling pathway in re-
sponse to TCR activation.

MATERIALS AND METHODS

Cell culture and treatment. Jurkat T cells and 70Z/3 and 1.3E2 pre-B cells
were grown in complete medium RPMI 1640 (including 10% fetal calf serum, 2
mM glutamine, and 100 U of penicillin-streptomycin per ml); 50 uM B-mercap-
toethanol was added to the medium for 70Z/3 and 1.3E2 cells. Stable clones of
1.3E2 cells were obtained and grown as described previously (34). HEK 293 and
COS7 cells were grown on culture dishes in complete Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 100 U of penicillin-
streptomycin per ml, and 1 mM sodium pyruvate. CD4™" cells were isolated from
spleen and lymph nodes of DO11.10 TCR transgenic mice by positive selection
with anti-CD4 magnetic beads (Dynal) and differentiated into Thl cells by
standard protocols (1). The murine D5 (Ar-5) Thl cell clone was grown as
previously described (1).

Human Jurkat T cells were stimulated with 1 ug of CD3 (HIT3a) and 5 pg of
CD28 (CD28.2) antibody per ml in the presence of rat anti-mouse immunoglob-
ulin G2a and rat anti-mouse immunoglobulin G1 antibodies. Murine T cells were
stimulated with 2.5 ng of CD3g (145-2C11) and 2.5 pg of CD28 (37.51) anti-
bodies per ml cross-linked with goat anti-hamster antibodies (all antibodies
purchased from Pharmingen). Further treatments were as follows: 25 ng of
TNF-a (Biomol) per ml, 200 ng of PMA (Calbiochem) per ml, 300 ng of
ionomycin (Calbiochem) per ml, 10 pg of lipopolysaccharide (LPS) (Sigma) per
ml, 25 pM MG132 (Calbiochem), and 50 pg of N-acetyl-Leu-Leu-norleucinal
(ALLN; Calbiochem) per ml.

Plasmids and antibodies. Bcl10 constructs (wild type, 1-140, 1-116, and L41Q)
were cloned by standard PCR procedures. For expression of Xpress-tagged
Bcl10, the constructs were cloned into pEF4His (Invitrogen). A pEFFlag vector
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was designed by replacing the cytomegalovirus promoter of Flag-tagged pcDNA3
(Invitrogen) with the EF promoter of pEF4His (Invitrogen). All epitope tags
were fused to the amino terminus of Bcll0. All constructs were verified by
sequencing. wild-type NEDD4 and HECT mutant NEDD4 (C-A) were cloned
into pRKS vector containing an amino-terminal Myc epitope and Cbl-b was
hemagglutinin (HA) tagged at the carboxyl terminus and inserted into pcDNA3.

Antibodies directed against the following proteins were purchased from Santa
Cruz Biotechnology: Bcl10 (C-17; Western blotting), Bel10 (331.3; immunohis-
tochemistry and Western blotting), IkBa (C-21), PKC3 (C-17), HA (Y-11), Myc
(9E10 or Al14), and LAMP1 (H-228). Antibodies against p65 (Biomol), PKC6
(Transduction Laboratories), ubiquitin (Babco), cathepsin B (Oncogene),
FlagM2 (Sigma), Xpress (Invitrogen), IKKa (Pharmingen), and JNK1 (Pharm-
ingen) were also obtained.

Transfection, reporter assay, extraction, Western blotting, EMSA, and kinase
assay. Jurkat cells were transfected by electroporation with a Bio-Rad gene
pulser set at 200 V and 950 pF with 30 pg of DNA (pEF4His). Selection was
started 2 days after transfection with 1.5 wg of zeocin per ml. After about 3 to 4
weeks, stable pools of Jurkat cells were taken for further analysis.

Transfection of HEK 293 cells by calcium phosphate precipitation and COS7
cells with Lipofectamine (Invitrogen) was done according to standard protocols.
Stimulations were carried out for the last 5 h of transfection. After 24 h, cells
were lysed in passive lysis buffer and analyzed by the dual luciferase reporter
assay (Promega); 6 X NF-kBluc was used for the determination of NF-«kB activity
(34). The pTK-luciferase plasmid (Clontech) was transfected as an internal
standard.

Whole-cell extracts, Western blotting, and electrophoretic mobility shift assay
(EMSA) were performed essentially as described previously (reference 34 and
references therein). For kinase assays, the cells were extracted in lysis buffer (50
mM HEPES [pH 7.5], 150 mM NaCl, 1.5 mM MgCl,, 1 mM EDTA, 1% Triton
X-100, 10% glycerol, 0.4 mM sodium orthovanadate, 10 mM sodium fluoride, 8
mM B-glycerophosphate [three phosphatase inhibitors], and complete protease
inhibitor cocktail [Roche]). After immunoprecipitation with either IKKa, JNK,
or PKC6 antibodies, the pellets were washed and incubated in kinase assay buffer
(20 mM HEPES [pH 7.5], 10 mM MgCl,, 20 pM ATP, 20 mM B-glycerophos-
phate, 50 uM sodium orthovanadate, 1 mM dithiothreitol) in the presence of the
specific substrate (glutathione S-transferase [Gst]-IkBa 1-53, Gst-Jun 1-79, or
myelin basic protein [MBP], respectively) for 20 min at 37°C. After boiling in
loading buffer, the kinase reactions were separated on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by autoradiogra-
phy.

Indirect immunofluorescence and confocal microscopy. For immunohisto-
chemistry, Jurkat cells were seeded and attached to chamber slides with BD cell
tag (BD-Bioscience). PMA stimulation was performed after attachment of the
cells. Cells were fixed for 15 min in 4% paraformaldehyde and permeabilized for
5 min with 0.1% Triton X-100. Endogenous Bcl10 was detected with monoclonal
Bcl10 antibody 331.3 as the primary antibody, and indocarbocyanine-labeled
donkey anti-mouse immunoglobulin antibody (red; Jackson Laboratories) was
used as secondary antibody. Polyclonal cathepsin B or LAMP1 antibodies were
stained with a secondary Alexa 488-conjugated goat anti-rabbit immunoglobulin
antibody (green; Alexa). Chamber slides were analyzed with an Axioplan 2
microscope (Zeiss) with the software AxioVision (for indirect immunofluores-
cence microscopy) or Pascal (for confocal microscopy).

Ubiquitination assay. Jurkat cells or transfected 293 cells were lysed in ubig-
uitin lysis buffer containing 50 mM Tris (pH 7.5), 150 mM NacCl, 0.5% Triton
X-100, 30 mM N-ethylmaleimide (NEM), 1 mM dithiothreitol, 0.4 mM sodium
orthovanadate, 10 mM sodium fluoride, 8 mM B-glycerophosphate (three phos-
phatase inhibitors), and complete protease inhibitor cocktail (Roche). Immuno-
precipitation with Bcl10 antibody C-17 or FlagM5 antibody was performed for
14 h at 4°C, and precipitates were collected with protein G-Sepharose (Amer-
sham). Beads were washed three times with ubiquitin lysis buffer, boiled in SDS
loading buffer, and analyzed by SDS-PAGE and subsequent Western blotting.

RESULTS

Bcll0 is degraded in activated T cells. Bcll0 is an essential
regulator of antigen receptor- and PMA-induced NF-kB sig-
naling in B and T lymphocytes (51). We examined the protein
levels and modification status of Bcl10 in activated Jurkat T
cells. PMA stimulation induced a strong reduction of Bcll0
protein amounts within 30 to 60 min following stimulation
(Fig. 1A, top panel). This result was seen with different Bcl10
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FIG. 1. Bcl10 is degraded in response to PMA or CD3/CD28 costimulation in T cells. (A) Kinetics of Bcl10 degradation in response to PMA.
Jurkat cells were treated with PMA as indicated, and Bcl10, PKC6, and IkBa protein levels were determined by Western blotting. (B) Immuno-
fluorescence analysis of Bcl10 degradation. Jurkat cells were untreated (upper panel) or treated (lower panel) with PMA for 120 min, and Bcl10
(red) was visualized by indirect immunofluorescence. Nuclei were stained with 4',6'-diamidino-2-phenylindole (DAPI) (right panel). (C) CD3/
CD28 clustering induces degradation of Bell0 in Jurkat cells. Cells were treated with CD3 antibody or CD3/CD28 antibodies for 3 h, and Bcll10
and PKCH protein was detected by Western blotting. (D) T-cell activation but not TNF-a signaling induces Bcl10 degradation. Jurkat cells were
treated with CD3/CD28 antibodies, PMA, or TNF-a, and NF-kB DNA binding and Bcl10 and IkBa protein levels were determined by EMSA and
Western blotting, respectively. (E) Bcll0 phosphorylation and degradation coincide with enhanced PKC6 kinase activity. The murine D5 (Ar.5)
Th1 cell clone was incubated with CD3 and CD28 antibodies. Western blotting of Bcl10 was performed, and PKCH kinase activity was determined
after immunoprecipitation with myelin basic protein (MBP) as the substrate. (F) Primary murine Th1 cells were stimulated with CD3 or CD3 and
CD28 antibodies for 1 or 2 h, and extracts were analyzed for Bcll0 and p65 protein.

antibodies and did not result from the movement of Bcl10 into
a detergent-insoluble fraction (data not shown), indicating that
it was due to a true loss of Bcll0 protein as a result of prote-
olysis rather than an apparent loss caused by protein modifi-
cation or cellular translocation. Indirect immunofluorescence
analysis confirmed that stimulation of Jurkat T cells with PMA
for 2 h resulted in the disappearance of endogenous Bcll0
protein (Fig. 1B). PMA signaling also promoted a decrease in
the novel PKC isoform PKC8, but the decline was visible only
after several hours, when Bcll0 levels were already partially

restored (Fig. 1A, middle panel). As expected, proteasomal
degradation of the NF-«B inhibitor IkBa occurred much more
rapidly, already maximal by 15 min of PMA treatment (Fig.
1A, bottom panel). Thus, all three essential regulators of
NF-«B signaling in T cells, IkBa, PKC6, and Bcl10, are prone
to signal-induced degradation, but their proteolytic removal is
apparently controlled by very distinct mechanisms.

Since PMA activates PKC6 directly, bypassing TCR signal-
ing (29), we determined whether Bcll0 protein levels could
also be downregulated in response to TCR stimulation. Acti-
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vation of Jurkat cells by combined stimulation with CD3 and
CD28 resulted in a strong decrease in Bcll0 protein levels
within 3 h after stimulation (Fig. 1C and D, top panels). CD3
ligation in the absence of the costimulus had only a minor
effect (Fig. 1C). Tumor necrosis factor alpha (TNF-a) stimu-
lation, which initiates NF-«B signaling in Jurkat cells indepen-
dent of PKCH (38), did not reduce the steady-state amounts of
Bcll0 (Fig. 1D). Loss of BcllO in response to CD3-CD28
clustering correlated with transient NF-kB activation, while
lack of Bcll0 degradation in response to TNF-a stimulation
correlated with more sustained NF-«kB activation (Fig. 1D,
bottom panel). Strong degradation of Bcl10 was also observed
in primary murine Th1 cells in response to CD3/CD28 coliga-
tion (Fig. 1F) and in the untransformed, interleukin-2-depen-
dent murine T-cell clone D5 (Ar-5) (Fig. 1E, top panel). Bcl10
was shown to be phosphorylated in HEK 293 cells under con-
ditions of PKC overexpression (65). Interestingly, murine DS T
cells also showed, in parallel with Bcl10 degradation, the ap-
pearance of a phosphorylated Bcl10 form, indicated by slower
migration (Fig. 1E, top panel). Bcll0 phosphorylation and
degradation coincided with enhanced PKC6 kinase activity, as
judged by in vitro kinase reactions with myelin basic protein as
a substrate (bottom panel).

Bcl10 degradation involves PKC signaling and is mediated
by the CARD. To analyze the upstream requirements for Bcl10
degradation, we used the mouse pre-B-cell line 70Z/3 and its
derivative 1.3E2. Due to the absence of IKKy expression,
1.3E2 cells are defective in NF-kB activation in response to
LPS, interleukin-1B, or PMA (71). In addition, 1.3E2 cells
carry a defect in PKC signaling that can be rescued by stable
introduction of novel PKCO or PKC8 (34). In 70Z/3 pre-B
cells, Bcl10 was degraded in response to PMA but not LPS
stimulation (Fig. 2A, top panel); we have shown that the
former but not the latter response involves activation of novel
PKCs (34). Like CD3/CD28-stimulated D5 T cells (Fig. 1E),
PMA-stimulated 70Z/3 cells showed a slower-migrating form
of Bcll0 (Fig. 2A), which regained its original mobility after
phosphatase treatment (data not shown), demonstrating that
Bcl10 is indeed transiently phosphorylated prior to degrada-
tion. It is plausible that Bcl10 is a substrate for phosphorylation
by PKCs and that this modification targets the protein for
subsequent degradation in activated T and B cells.

We analyzed Bcll0 degradation in 1.3E2 cells expressing
IKKry and/or selected PKCs (Fig. 2B) (34). Unlike the parental
70Z/3 cells (Fig. 2B, panel 1), wild-type 1.3E2 cells (data not
shown) and 1.3E2 cells expressing IKKy alone (panel 2)
showed no loss of Bcl10 protein following PMA stimulation. In
contrast, introduction of either novel PKC6 or PKC3 (alone or
in combination with IKKy) restored Bcl10 degradation in re-
sponse to PMA (panels 3 to 5). The PKCBII isoform, which
does not restore NF-kB signaling in this cellular system (34),
also did not restore Bcl10 degradation (panel 6). In summary,
both phosphorylation and degradation of Bcll0 are indepen-
dent of IKK activation but require an intact PKC signaling
pathway.

Bcl10 is a bipartite protein with an amino-terminal CARD
and a carboxyl terminus with no apparent structural motif (Fig.
2C). To determine the region of Bcll0 that is required for
degradation, we generated deletion mutants that were trun-
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cated from the carboxyl terminus (Bcl10 1-140 and 1-116) and
a point mutation (Bcll0 L41Q) containing a leucine-to-glu-
tamic acid substitution which prevents CARD-CARD interac-
tions (reference 24 and data not shown). We stably introduced
Xpress-tagged Bcll0 (XBcl10) constructs into Jurkat T cells
and stimulated the cells with PMA (Fig. 2D). Just like endog-
enous Bcl10, the protein levels of wild-type XBcl10 were con-
siderably reduced after 3 h of stimulation. The CARD mutant
Bcl10 L41Q was completely stable. In contrast, a construct that
consisted almost exclusively of the CARD (Bcl10 1-116), cre-
ated by a deletion that removed the entire carboxyl terminus of
Bcl10, was still efficiently degraded in response to PMA stim-
ulation. Thus, the CARD is critical for mediating PKC-depen-
dent degradation of Bcl10.

Bcl10 localizes to lysosomal vesicles and is ubiquitinated
prior to degradation. We tested the effect of the proteasome
inhibitors MG132 and ALLN on Bcl10 degradation (Fig. 3A).
Despite their ability to inhibit IkBa degradation and NF-«B
activation (top and third panels, respectively), we did not ob-
serve any stabilization of Bcl10 (bottom panel). Similar results
were obtained with the proteasomal inhibitors lactacystin and
epoxomicin as well as ALLN in 70Z/3 cells (data not shown).
These data indicate that Bcll0 degradation occurs indepen-
dently of the proteasomal degradation machinery. To test
whether degradation might involve the alternative pathway of
lysosomal trafficking, we used confocal microscopy to deter-
mine the subcellular distribution of Bcll0 before and after
stimulation (Fig. 3B). In resting Jurkat cells, Bcl10 showed a
slightly granular staining that was detected predominantly in
the cytoplasm (left panel); after 30 min of PMA stimulation, it
localized almost completely to vesicle-like structures within the
cell (right panel) prior to substantial degradation at 2 h (Fig.
1B). Costaining with LAMP1 (lysosome-associated membrane
protein 1) and cathepsin B antibodies, both markers for late
endosomal and lysosomal vesicles, revealed that after PMA
induction, Bcll0 at least partially colocalized with cathepsin
B-positive or LAMP1-positive compartments (Fig. 3C and D,
respectively). Thus, before degradation, Bcll0 translocates to
lysosomal vesicles, suggesting that degradation might be exe-
cuted by lysosomal proteases instead of the 26S proteasome.

Ubiquitination has been shown to target proteins for pro-
teasomal destruction as well as regulation of trafficking to
lysosomes (27, 40). We examined whether Bcll0 is inducibly
ubiquitinated prior to degradation in Jurkat T cells (Fig. 4).
Jurkat cells were stimulated with PMA and extracted in the
presence of NEM, an inhibitor of deubiquitination, and ex-
tracts were immunoprecipitated with Bcll0 antibodies (Fig.
4A). An enhancement of Bcll0 ubiquitination was already
detectable after S min of PMA stimulation and was strongest
after 30 min (bottom panel); at this time point, strong Bcl10
ubiquitination was observed, ranging from short-chain conju-
gates to polyubiquitination in the high-molecular-weight range.
At later time points (1 h and 3 h), when most of the Bcl10 had
been depleted, almost no ubiquitination could be detected.
The presence of proteasome inhibitors did not lead to an
accumulation of ubiquitinated Bcll0 (Fig. 4B, left panels),
indicating again that Bcll0 degradation is not carried out by
the proteasome. In contrast, detection of polyubiquitinated
IkBa after PMA stimulation was completely dependent on
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blockade of the proteasomal degradation pathway (Fig. 4B,
right panels).

To rule out the possibility that ubiquitin is conjugated not to
Bcl10 but to an associated protein, we prepared extracts in the
presence of 1% SDS to disrupt protein interactions prior to
immunoprecipitation; under these stringent conditions, ubig-
uitination was still detectable, proving that ubiquitin is indeed
directly conjugated to BcllO (Fig. 4C). Furthermore, Bcll0
ubiquitination was also enhanced in response to CD3-CD28
ligation in Jurkat T cells (Fig. 4D), demonstrating that antigen
receptor-induced Bcll0 degradation is also preceded by ubig-
uitination. These results suggest that ubiquitination is involved
in induced Bcl10 degradation, probably by targeting the pro-
tein for lysosomal trafficking.

Ubiquitination and degradation of Bcll10 are promoted by
NEDD4 and Itch. To identify E3 ligases that might mediate
Bcl10 ubiquitination and degradation, we coexpressed differ-
ent E3 ubiquitin ligases with epitope-tagged ubiquitin and
Flag-tagged Bcl10 in HEK 293 cells (Fig. 5). We were espe-
cially interested in Itch and Cbl-b, E3 ligases whose mutation
or deletion in mice leads to aberrant activation of the immune
response (7, 11, 17, 44). We also tested NEDD4, a close rela-
tive of Itch that is ubiquitously expressed in T cells and other
cell types (3). Ectopic expression of the HECT-type (catalytic)
E3 ligases Itch and NEDD4 promoted conjugation of ubiquitin
to Bcll0 (Fig. 5A, left panel); in contrast, expression of the
RING finger (adapter) E3 ligase Cbl-b did not enhance ubig-
uitin ligation to Bcll0 (right panel).
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FIG. 3. Bcll0 degradation is insensitive to proteasomal inhibition
and coincides with localization to lysosomal vesicles. (A) Proteasomal
inhibitors fail to impede Bcll0 degradation. Jurkat cells were treated
with MG132 or ALLN 1 h prior to stimulation as indicated. After
whole-cell extraction, steady-state amounts of Bcll0, IkBa, and p65
were determined by Western blotting and NF-«B activity was deter-
mined by EMSA. The migration of nonspecific bands is indicated by a
star. (B) Bcll0 localizes to vesicles after PMA induction. Jurkat cells
were control treated or stimulated with PMA for 20 min, stained for
Bcl10, and analyzed by confocal microscopy. (C and D) Costaining of
Bcl10 and lysosomal marker proteins cathepsin B and LAMP1. Jurkat
cells were treated with PMA for 20 min and costained for Bell0 (red)
and cathepsin B or LAMP1 (green; C and D, respectively). Arrows
indicate vesicles stained for Bcll0 and cathepsin B or LAMPI.

To test whether the ligase activity is required for ubiquitin
conjugation, we used a NEDD4 mutant in which the cysteine in
the active site was mutated to alanine (NEDD4 [C-A]) (Fig.
5B). Expression of this ligase-inactive mutant was unable to
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promote ubiquitin attachment to Flag-tagged Bcl10 (Fig. 5B,
top panel, compare lanes 4 and 5) and was even found to
inhibit ubiquitination by an endogenous E3 ligase (compare
lanes 3 and 5). Furthermore, functional impairment of the
CARD in Bcll0 L41Q also prevented ubiquitin attachment
(lanes 6 to 9). While enhanced ubiquitination of IkBa medi-
ated by the F-box E3 ligase B-transducin repeat-containing
protein could be visualized only in the presence of proteasomal
inhibitors (Fig. 5C, right panel), MG132 and ALLN did not
alter the amount of NEDD4- or Itch-catalyzed ubiquitin con-
jugation to Bcll0 (Fig. 5C, left panel). Similarly, in Jurkat T
cells, expression of Itch or NEDD4 promoted ubiquitin con-
jugation to Bcll0 (Fig. 5D). Again, ubiquitination was depen-
dent on the integrity of the CARD in Bcll0 and required the
catalytic activity of NEDD4. Ubiquitin conjugates ranged from
mono- or short-chain ubiquitination to multiubiquitination.

We tested whether expression of ubiquitin ligases would
affect Bcl10 protein levels in 293 cells (Fig. 6). Coexpression of
either NEDD4 or Itch caused a strong decline in Bcl10 protein
levels (Fig. 6A, lanes 2 and 3); in contrast, Cbl-b only margin-
ally affected Bcl10 expression (lane 4). Again, NEDD4-medi-
ated downregulation of Bcl10 was not seen with the HECT
domain mutant NEDD4 (C-A) (Fig. 6B, left panel, lanes 4 to
6), indicating that the ubiquitin ligase activity is strictly re-
quired. Furthermore, the CARD sufficed for NEDD4-induced
degradation of Bcl10 (Fig. 6B, right panels), and point muta-
tion of the CARD (Bcl10 L41Q) led to Bcl10 stabilization (Fig.
6B, left panel, lanes 7 to 9). Thus, expression of the HECT
domain ubiquitin ligases NEDD4 and Itch enhances ubiquiti-
nation and degradation of Bcll0. Analogous to the degrada-
tion induced in T cells, the CARD of Bcll0 is necessary and
sufficient to mediate this proteasome-independent degradation
process.

NEDD4 and Itch interfere with Bcl10-mediated NF-kB ac-
tivation. We asked if induced reduction in BcllO protein
amounts would negatively influence NF-kB signaling (Fig. 7).
We used an ectopic expression system in which expression of
Bcl10 in 293 cells or PMA stimulation of 293 cells individually
resulted in moderate activation of an NF-«kB reporter construct
but in combination (i.e., PMA stimulation of Bcl10-expressing
cells) led to strong synergistic enhancement of NF-«kB activity
(Fig. 7A, bars 1 to 4). This synergy was specific for PKC
signaling, since Bcl10 expression did not synergize with TNF-a
stimulation to upregulate NF-«kB activity (bars 5 and 6). Syn-
ergy was also observed after cotransfection of Bcll0 and con-
stitutively active PKC6 (data not shown), consistent with pre-
vious findings that B- and T-cell receptor signaling as well as
PMA signaling in lymphocytes critically depends on the pres-
ence of PKCs (34, 53, 59, 60).

We tested whether the CARD was important for synergism
between Bcll0 and PKC (Fig. 7B). Mutants Bcll0 1-140 and
1-116, in which the carboxyl terminus of Bcll0 was removed
but the CARD was left intact, resembled wild-type Bcll0 in
their ability to activate NF-kB and synergize with PMA. In
contrast, destruction of the CARD in Bcll0 L41Q not only
prevented NF-kB activation but also led to loss of synergism
between Bcl10 and PMA, proving that the CARD is necessary
and sufficient to augment PMA-induced NF-«kB activation.
Furthermore, NEDD4 and Itch, which promoted Bcl10 degra-
dation (Fig. 6), also interfered with NF-«kB activation induced
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FIG. 4. Bcll0 is ubiquitinated prior to degradation. (A) Kinetics of Bcl10 ubiquitination. Jurkat cells were treated with PMA as indicated, and extracts
were immunoprecipitated (IP) with Bel10 antibody. The input levels of Bel10 (upper panel) as well as the amounts of immunoprecipitated Bel10 (middle
panel) and ubiquitin conjugation with ubiquitin antibody (lower panel) were determined after Bcl10 immunoprecipitation. (B) Proteasomal inhibition
fails to stabilize Bcl10 ubiquitin conjugates in Jurkat cells. Jurkat cells were untreated or incubated with ALLN for 1 h and afterwards stimulated with
PMA for 20 min, as indicated. Extracts were immunoprecipitated with Bcl10 (left panel) or IkBa (right panel) antibodies, and the input as well as the
immunoprecipitates were analyzed by Western blotting (WB) for Bcl10, IkBe, and ubiquitin conjugates. (C) Ubiquitin is specifically conjugated to Bcl10.
Jurkat cells were treated with PMA for 20 min, and extracts were prepared in ubiquitin lysis buffer containing 1% SDS. Extracts were diluted by a factor
of 10 in ubiquitin lysis buffer before immunoprecipitation with Bcll0 antibody and analyzed as indicated. (D) CD3/CD28 ligation induces Bcl10
ubiquitination. Cells were incubated for 20 min with PMA or CD3 and CD28 antibodies. Extraction and immunoprecipitation were performed as for
panel A. Migration of immunoglobulin heavy and light chains is indicated by an asterisk.

by overexpression of Bcl10 (Fig. 7C to E). Increasing amounts from the ubiquitination-degradation analysis (compare Fig. 5
of NEDD4 inhibited synergistic activation of the NF-«kB re- and 6), expression of Itch also led to a reduction of NF-kB
porter by Bcl10 and PMA in 293 cells but had much less effect activation mediated by Bcll0 and PMA, while expression of
on TNF-a-induced NF-kB activation (Fig. 7C). As expected Cbl-b did not (Fig. 7D). An intact CARD of Bcl10 was neces-

FIG. 5. Expression of the HECT domain ubiquitin ligases NEDD4 and Itch mediates ubiquitination and degradation of Bcl10. (A) NEDD4 and Itch
induce ubiquitination of Bcl10. HEK 293 cells were transfected with Flag-Bcl10, HA-ubiquitin, and Myc-NEDD4 or Myc-Itch (left panel) or Flag-Bcl10,
Myc-ubiquitin, and HA-Cbl-b (right panel) expression constructs as indicated and subjected to immunoprecipitation with Flag antibody (Ab). Protein
input levels, HA/Myc-ubiquitin conjugates, and Flag-Bcl10 amounts after immunoprecipitation were analyzed by Western blotting. (B) Ligase activity of
NEDD4 is required for CARD-dependent ubiquitination of Bel10. After transfection of Flag-Bcl10, HA-ubiquitin, and Myc-NEDD4, or Myc-NEDD4
(C-A), immunoprecipitation and analysis were done as for panel A. (C) NEDD4- and Itch-induced ubiquitination of Bcll0 is not augmented by
proteasomal inhibitors. COS7 cells were transfected with Flag-Bcl10, Myc-NEDD4, Myc-Itch, and HA-ubiquitin (left panel) or HA-IkBa, Flag—3-
transducin repeat-containing protein 1 (FlagBTrCP1), and Myc-ubiquitin (right panel) and where indicated, MG132 and ALLN were added 2 h before
lysis. After immunoprecipitation with Flag or HA antibody, ubiquitination of Flag-Bcl10 and HA-IkBa was analyzed as indicated. (D) Itch and NEDD4
promote Bcl10 ubiquitination in Jurkat cells. Jurkat cells were transfected with Myc-Itch, Myc-NEDD4, Myc-NEDD4 (C-A), Flag-Bcl10 or Flag-Bcl10
LA41Q and subjected to immunoprecipitation with Bcl10 antibody. Proteins were analyzed as indicated. The migration of immunoglobulin heavy chains
is indicated by asterisks.
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FIG. 6. NEDD4 and Itch promote degradation of Bcl10. (A) HEK 293 cells were transfected with Flag-Bcl10 alone or in the presence of either
Myc-NEDD4, Myc-Itch, or HA-Cbl-b, and protein amounts were determined by Western blotting. (B) Degradation of Bcl10 depends on NEDD4
ligase activity and is mediated by the CARD. Flag-Bcl10 and different Flag-Bcl10 mutants (L41Q, 1-140, and 1-116) were transfected with
increasing amounts of Myc-NEDD4 or Myc-NEDD4 (C-A), and protein amounts were determined as for Fig. 5.

sary and sufficient for NEDD4-induced inhibition of Bcl10-
mediated NF-«kB activation (Fig. 7E). Thus, expression of the
HECT ubiquitin ligases NEDD4 and Itch promote ubiquitina-
tion and degradation of Bcl10, thereby inhibiting its ability to
function as a positive regulator of NF-«kB signaling in conjunc-
tion with PMA.

Degradation of Bcll0 selectively terminates TCR-induced
NF-kB signaling. Since mitogen-activated protein kinase and
AP-1 activation are normal in BcllO-deficient lymphocytes
(51), we postulated that Bcll0 degradation might selectively
terminate NF-kB activation in B and T cells. To test this
hypothesis, we stimulated Jurkat cells for 2 h or 3 h with PMA
and subsequently restimulated the cells with PMA for 20 min
(Fig. 8A). Strikingly, after prior PMA stimulation, neither
NF-«kB DNA binding activity (top panel) nor IkBa degrada-
tion (middle panel) was observed in response to a secondary
PMA treatment, correlating with the almost complete loss of
Bcll0 protein in response to the prior stimulation (bottom
panel; compare lanes 1 and 2 with lanes 3 and 4 and lanes 5 and
6). Similarly, 3 h of preincubation with PMA strongly inhibited
IkBa degradation in response to CD3 or CD3/CD28 ligation
(Fig. 8B, top panel, compare lanes 2 and 3 with lanes 6 and 7),
again correlating with loss of Bcll0 (bottom panel). PKCO
levels did not decrease during 3 h of PMA treatment (compare
Fig. 1A). Loss of Bcll0 did not affect IkBa degradation in
response to 15 min of TNF-a stimulation (Fig. 8B, lane 8),
confirming that TNF-a-mediated NF-«B activation is indepen-
dent of Bcl10.

To determine whether Bcl10 degradation selectively down-
modulates NF-kB signaling, we examined IKK and JNK kinase
activity (Fig. 8C). Jurkat T cells were subjected to prolonged
PMA stimulation (3 h) and restimulated with CD3/CD28 for
15 min or TNF-a for 5 min. The cells were then lysed, and
IKKa or JNK1 immunoprecipitates were analyzed for kinase
activity against their specific substrates in vitro. PMA pretreat-
ment inhibited activation of the IKK complex in response to
subsequent CD3/CD28 ligation (top panel, compare lanes 1

and 2 with 4 and 5) but barely affected upregulation of JNK1
kinase activity (third panel, compare lanes 1 and 2 with 4 and
5). As expected, PMA pretreatment also had no effect on IKK
and JNK1 activation in response to TNF-a stimulation (com-
pare lanes 3 and 6). Thus, PKC activation, which induces a
sustained loss of Bcll0 protein, also results in long-lasting
impairment of IKK and NF-«kB activation in response to sub-
sequent stimulation with PMA or CD3/CD28. Importantly,
TCR-induced JNK activation and TNF-a-induced IKK activa-
tion were not impaired through the prolonged PMA treatment,
ruling out that loss of NF-«kB activation results from the inac-
tivation of other signaling mediators either upstream (e.g.,
PKCH and CARMAL) or downstream (e.g., IKKs) of Bcl10.

In conclusion, we propose that Bcll0 degradation is carried
out through a proteolytic pathway that is independent of the
proteasome and most likely involves lysosomal trafficking. Re-
moval of Bcll0 contributes to the termination of NF-kB sig-
naling, hence modulating the duration of NF-kB-dependent
gene transcription initiated by T-cell activation.

DISCUSSION

In this study, we show that PKC or TCR/CD28 stimulation
induces degradation of the CARD-containing protein Bcl10,
an essential mediator of NF-kB activation in lymphocytes. Re-
moval of Bcll0 is triggered by CD3/CD28 cross-linking in pri-
mary T cells and T-cell lines but not by TNF-a or LPS stimu-
lation. The CARD is both necessary and sufficient for Bel10
degradation. Bcl10 downregulation is mediated through novel
PKCs as well as the HECT-type E3 ligases NEDD4 and Itch in
a mechanism that appears to involve lysosomal rather than
proteasomal degradation. Thus, PKC activation not only acti-
vates NF-kB signaling via Bcl10; it also promotes Bcll10 deg-
radation and concomitant downregulation of NF-kB transcrip-
tional activity. Our data define a novel negative-feedback
pathway that downregulates and terminates NF-kB signal
transduction in activated T cells.
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Bcl10 degradation involves ubiquitination and lysosome
trafficking. Although we cannot completely exclude a role of
the proteasomal destruction pathway, our data suggest that
Bcl10 degradation involves ubiquitin conjugation and subse-
quent sorting to endocytic vesicles. Proteasomal inhibition did
not significantly affect the stability of Bcl10; furthermore, im-
munohistochemistry revealed that Bcll0 degradation is pre-
ceded by its appearance in vesicular compartments, some of
which were identified as late endosomes or lysosomes by the
presence of the markers cathepsin B and LAMP1. Through
binding to ubiquitin-interacting proteins such as Hrs or Tsg101
localized on endosomes, ubiquitinated proteins, which are tar-
geted for endocytosis, are directed to the invaginating multive-
sicular body and hence the lysosome compartment (6, 48). The
requirements for this sorting event are not completely defined,
but in general, mono- or short-chain ubiquitination is sufficient
(28), although polyubiquitination (long branched-chain ubig-
uitination on a single lysine) or multiubiquitination (multiple
short branches on a few lysines) was shown to serve the same

purpose in the case of macrophage colony-stimulating factor
(36).

Why is ubiquitinated Bcl10 not prone to proteasomal de-
struction? Several scenarios are possible. (i) The high-molec-
ular-weight smear of ubiquitinated Bcll0 could arise from a
population of molecules bearing different numbers of mono-,
di-, or short-chain ubiquitins conjugated to multiple lysine res-
idues instead of one or more polyubiquitin chains conjugated
to a single lysine. (ii) Bcll0 rapidly translocates to vesicular
structures, where it is already visible 10 min after PMA treat-
ment (data not shown), suggesting that internalization into
endosomes, possibly directed via mono- or short-chain ubiq-
uitination, is a very efficient process. Endosomal localization
might protect polyubiquitinated Bcl10 from the proteasomal
degradation machinery. (iii) Ubiquitin addition to Bcl10 could
involve an atypical linkage, e.g., via conjugation of lysine 63
instead of 48, so that the conjugates are not recognized by the
26S proteasome. For several permeases in Saccharomyces cer-
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evisiae, diubiquitin chains linked through Lys63 enhanced the
internalization rates (21, 57).

Our data implicate a role for the HECT domain ubiquitin
ligases NEDD4 and Itch in Bcll0 downmodulation. Overex-
pression of these E3 ligases induced ubiquitination and degra-
dation of Bcll0 in 293 cells and Jurkat T cells, whereas the
RING-type E3 ligase Cbl-b did not. The possible involvement
of Itch in Bcll0 degradation in vivo is particularly interesting
because Itch-deficient T cells display an activated phenotype
that could at least partially be explained by an increased sta-
bility of Bcl10 (16, 44). NEDD4 can be recruited to lipid rafts
in different cell types (35, 46) and has been shown to play a role
in membrane targeting, intracellular localization, trafficking.
and endocytosis (reviewed in reference 49); the closely related
Itch protein may have similar functions in T cells. Mutational
analysis of Bcll0 revealed that the CARD was both necessary
and sufficient for Bcl10 degradation: destruction of the CARD,
as in the case of Bcll0 L41Q, abolished induced Bcll0 ubig-
uitination and degradation. The CARD mediates self-oli-
gomerization of Bcll0 (33); it is also implicated in the inter-
action of Bcll0 with MAGUKS, which could be involved in
membrane association (19), as well as recruitment of Bcl10 to
cytoplasmic filaments (24). Thus, the CARD may function
directly as an interaction motif for recognition by the E3 li-
gases; alternatively, CARD-mediated oligomerization, pro-
tein-protein interaction, or correct intracellular localization
may be essential for the ubiquitination and degradation of
Bcl10.

Bcl10 degradation terminates PKC- and TCR-mediated
NF-kB activation. To define the consequences of Bcl10 down-
regulation for NF-«kB signaling, we took advantage of an ec-
topic expression system in which Bcll0 in conjunction with
PMA stimulation or expression of active PKC6 enhances
NF-kB reporter activity, a situation that mimics PKC8-depen-
dent NF-«kB signaling in T cells. Reduction of Bcll0 levels by
coexpression of NEDD4 and Itch severely interfered with
NF-«kB activation. Similarly, in T cells, induced degradation of
Bcl10 may contribute at least partially to the transient duration
of NF-kB activity in response to PKC and TCR/CD28 signal-
ing. In addition to NF-«kB activation, TCR clustering initiates
JNK signaling via PKC6 in T cells (5, 22, 68). However, Bcl10
downregulation did not impede JNK activation (Fig. 8), sug-
gesting that proteolytic downmodulation of Bcl10 might selec-
tively impair NF-«kB signal transduction in activated T cells.

Negative regulation of T-cell signaling is essential to main-
tain T-cell homeostasis, prevent abnormal lymphocyte activa-
tion, and regulate the duration of signaling (56). A number of
negative-feedback mechanisms have been proposed to regu-
late the duration of TCR signaling and subsequent NF-«B
activation (Fig. 9). Autoregulatory upregulation of IkBa rep-
resents a negative-feedback mechanism that is required for
postinductive dissociation of NF-kB from the DNA and re-
shuttling to the cytoplasm. Even though resynthesis of IkBa is
essential for inactivation of NF-«kB, it mostly does not suffice to
downregulate NF-kB in the presence of continuous upstream
signaling (4).

Several mechanisms have been suggested to downregulate
TCR-proximal signaling. Expression of the inhibitory corecep-
tor CTLA-4 on activated T cells may either compete for ligand

Bcll0 DEGRADATION IN LYMPHOCYTES 3871

cytoplasm TCR _CD28 —_— CTLA-4_

m\/
¢

Carmai

ltch/NEDD4—{ Bcl10 |

v
v

4
1

nucleus v v .
’

NF-xB P~

FIG. 9. Model for positive- and negative-acting regulators in re-
sponse to TCR-initiated NF-«kB signal transduction. See text for de-
tails.

binding with CD28 (64) or directly interfere with the TCR or
CD28 signaling pathway (15). Accumulation of CTLA-4 in the
immunological synapse is proportional to the strength of the
TCR-peptide/major histocompatibility complex interaction,
suggesting that T cells receiving stronger stimuli are more
susceptible to CTLA-4-mediated inhibition (14). Furthermore,
the RING finger ubiquitin ligases c-Cbl and Cbl-b attenuate
T-cell responsiveness, and as one possible way to terminate
TCR signals, these ligases cooperate in the regulation of li-
gand-induced trafficking of the TCR to the lysosome compart-
ment (41).

We propose that downstream of PKC6 and CARMAL,
Bcl10 is prone to proteolytic removal in CD3/CD28-activated
T cells, a process which might be specifically required for the
downmodulation of NF-«B signaling in response to very strong
costimulatory T-cell activation. Bcl10 is a substrate for Itch and
NEDD/4 or closely related HECT domain ligases. Congruently,
Itch-deficient T cells have an activated phenotype, suggesting
that this E3 ligase is necessary for negative regulation of T-cell
activation (16, 44). Removal of Bcll0 abolishes NF-«kB activa-
tion and protects the T cells from unopposed signaling. Bcl10
deficiency has profound effects on the immune system, and
Bcl10 plays a role in lymphocyte differentiation and function
(51, 70). Many defects associated with bcll0 deficiency are
likely to result from defective NF-kB activation, which has
been shown to control lymphocyte proliferation and survival
and cytokine production (37). Given the severe consequences
of bcll0 deficiency in the immune system, proteolytic down-
regulation of Bcll0 is certainly expected to influence lympho-
cyte function. Thus, enhancement of apoptosis induced
through loss of Bcll0 and subsequent NF-kB inactivation
could be involved in the elimination of self-reactive lympho-
cytes. Furthermore, coreceptors, such as CD28 and CTLA-4,
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have been implicated in the induction of peripheral T-cell
tolerance (43, 63), and induced degradation of Bcl10 may con-
tribute to the development of T-cell unresponsiveness to sub-
sequent stimulation (anergy) or T-cell tolerance in vivo.

Our data indicate that TCR/CD28 stimulation induces
downregulation of Bcll0 and thereby terminates NF-«kB sig-
naling. The regulation of Bcl10 protein amounts contributes to
the strength and the duration of NF-«kB in response to T-cell
activation, and processes that interfere with induced Bcll10
downregulation may be associated with the development of
immunological disorders.
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