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The activation of NF-kB by T-cell receptor (TCR) signaling is critical for T-cell activation during the adaptive
immune response. CARD11 is a multidomain adapter that is required for TCR signaling to the IkB kinase (IKK)
complex. During TCR signaling, the region in CARD11 between the coiled-coil and PDZ domains is phosphorylated
by protein kinase CO (PKC0) in a required step in NF-kB activation. In this report, we demonstrate that this region
functions as an inhibitory domain (ID) that controls the association of CARD11 with multiple signaling cofactors,
including Bcl10, TRAF6, TAKI1, IKKvy, and caspase-8, through an interaction that requires both the caspase
recruitment domain (CARD) and the coiled-coil domain. Consistent with the ID-mediated control of their associ-
ation, we demonstrate that TRAF6 and caspase-8 associate with CARD11 in T cells in a signal-inducible manner.
Using an RNA interference rescue assay, we demonstrate that the CARD, linker 1, coiled-coil, linker 3, SH3, linker
4, and GUK domains are each required for TCR signaling to NF-kB downstream of ID neutralization. Require-
ments for the CARD, linker 1, and coiled-coil domains in signaling are consistent with their roles in the association
of CARD11 with Bcl10, TRAF6, TAK1, caspase-8, and IKK'+y. Using Bcl10- and MALT1-deficient cells, we show that

CARD11 can recruit signaling cofactors independently of one another in a signal-inducible manner.

The NF-«kB family of transcription factors plays important
pleiotropic roles in the regulation of cellular activation, prolif-
eration, and survival. The precise regulation of NF-«B activity
is critical for several biological processes including innate and
adaptive immunity (22, 54), learning and memory (34), epider-
mal development and homeostasis (2), bone formation and
metabolism (65), and embryonic development (19). In most
normal cells, NF-kB is inactive but is poised for rapid post-
translational activation by a diverse array of stimuli such as
bacterial and viral products, proinflammatory cytokines, anti-
gens recognized by lymphocytes, DNA-damaging agents, and
UV irradiation.

A remarkable aspect of NF-kB regulation is that each of these
stimuli can activate the IkB kinase complex (IKK complex) (50).
An emerging theme is that a ligand-receptor pair that may be
specialized to a particular biological context will signal to the IKK
complex through adapter molecules that can receive stimulus-
specific molecular signals and transmit that information to widely
expressed signaling cofactors that are of general use. The IKK
complex activates NF-kB by canonical and noncanonical path-
ways (50), both of which link IKK kinase activity to the phosphor-
ylation and degradative processing of inhibitory proteins that
keep NF-kB inactive in the unstimulated state.
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NF-kB is one of the key transcription factors that are induced
when a T lymphocyte is activated by antigenic stimulation in the
adaptive immune response (51). Following the engagement of
antigen by the T-cell receptor (TCR) complex and concomitant
triggering of costimulatory receptors like CD28, a cascade of
signaling results in the activation of the IKK complex. A cadre of
TCR-proximal molecules transduces signals from the TCR com-
plex to elicit activation of protein kinase C6 (PKC9), a kinase that
is required in this pathway (60) and that is recruited to the central
portion of the supramolecular activation cluster or immunological
synapse (36, 37). TCR-proximal molecules that function between
the TCR and PKC6 and have been shown to be required for
NF-kB activation include the adapters SLP-76 (23) and SAP (5),
the tyrosine kinases Fyn (5) and ZAP-70 (23), the Vavl GTP/
GDP exchange factor (9), phospholipase Cyl (11), and the
serine/threonine kinases PDK1 (27) and IRAK4 (61). The re-
quirements for these molecules in the pathway can be bypassed by
treating T cells with phorbol ester and calcium ionophore (phor-
bol myristate acetate [PMA] and ionomycin), which are thought
to activate PKC9 directly.

The role of PKCH in TCR-mediated NF-kB activation ap-
pears to be to regulate the signaling function of CARDI11 (also
known as CARMAL1 or BIMP3). CARD11 is a multidomain
signaling scaffold that contains a caspase recruitment domain
(CARD) in addition to coiled-coil, PDZ, Src homology 3
(SH3), and GUK domains (3, 18). CARDI11 is expressed in a
cell-type-restricted manner (3, 18). The presence of PDZ, SH3,
and GUK domains is a signature feature of the membrane-
associated guanylate kinase family of proteins, which function
in diverse organisms and tissues to localize and assemble clus-
ters of signaling proteins for efficient signaling (13). Several
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studies have established that CARDI1 is required for TCR
signaling to NF-kB upstream of IKK complex activation (15,
17, 21, 25, 41, 44, 68).

During TCR signaling, CARD11 is phosphorylated on serine
residues 564, 577, and 657 in a region between the coiled-coil and
PDZ domains (32, 55). Serine residues 564 and 657 have been
shown to be substrates for PKC8 in vitro (32, 55). It has been
proposed that the signal-induced phosphorylation of CARDI11
somehow converts the protein into an active state that can induce
and coordinate signaling to the IKK complex. Molecules that
have been implicated in IKK activation downstream of CARD11
include the Bcll0 adapter molecule (31, 47), the MALT1 para-
caspase (7, 46, 48), the TRAF2 and TRAF6 E3 ubiquitin ligases
(59), the TAK1 kinase (29, 49, 53, 59, 66), and caspase-8 (58), all
of which are widely expressed.

Several studies have proposed mechanisms for how the IKK
complex is activated in this pathway. The K63-linked ubiquiti-
nation of IKKy has been implicated in this process, mediated
either by MALT1 (73) or TRAF6 (59) in a manner promoted
by Bcl10 oligomerization. In addition, TCR-mediated IKK ac-
tivation has also been shown to correlate with the TAKI-
mediated phosphorylation of IKKB (52, 59) and the TRAF6-
mediated ubiquitination of MALTI1 (43). The proteolytic
activity of caspase-8 has also been demonstrated to be required
for IKK activation in this pathway, but its relevant substrate
has not been reported (58).

CARD11 activity during TCR signaling correlates with the
relocalization of Bcll0 and the IKK complex to the T-cell
membrane, to the central portion of the supramolecular acti-
vation cluster, and to lipid rafts (15, 20, 32, 55). While Bcl10,
MALTI, and IKKwy have previously been shown to associate
with CARD11 during TCR signaling (17, 56, 67, 69), the pre-
cise mechanisms by which CARD11 interprets upstream sig-
nals from the TCR and coordinates the activities of cofactors
in IKK activation are poorly understood.

In this study we report that the inhibitory domain (ID) that
functions to keep CARDI11 inactive in the absence of TCR sig-
naling targets both the CARD and the coiled-coil domain of
CARDI11 and can regulate the association of CARD11 with sev-
eral signaling cofactors. We investigate which domains in
CARD11 function downstream of PKC6-mediated conversion of
the protein to an active scaffolding molecule, and we ascribe
recruitment functions to three N-terminal domains in the associ-
ation of Bcl10, TRAF6, TAK1, caspase-8, and IKKy. Consistent
with the ID-mediated control of the association of CARD11 with
TRAFG6 and caspase-8, we demonstrate that signaling induces the
association of TRAF6 and caspase-8 with CARD11 in T cells.
Finally, we demonstrate that the ID-regulated association of
TAKI1, TRAF6, and IKKy with CARDI11 can occur in Bcl10-
deficient and MALT1-deficient cells, indicating that CARD11
can recruit signaling cofactors independently of one another in a
signal-inducible manner.

MATERIALS AND METHODS

Generation of Jurkat T cells and HEK293T cells with stable expression of
shRNA. Self-inactivating lentiviral constructs based upon the vector FUGW (30)
were constructed to express either sihCARD11-2 (44) or siMUT (44) short
hairpin RNAs (shRNAs) downstream of the human H1 RNA promoter, and the
puromycin resistance gene downstream of the cytomegalovirus (CMV) enhanc-
er/chicken B-actin promoter fusion as indicated in Fig. 1A. In the lentivirus
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encoding the siMUT hairpin, the Hl RNA promoter and hairpin are in the
opposite orientation to the configuration depicted in Fig. 1A. To package lenti-
viruses, HEK293T cells were plated at 2.5 X 10° per 10-cm plate 24 h prior to
calcium phosphate-mediated transfection with 3.75 pg of pCL-Ampho (40), 3.75
ng of pMDL/pRRE (14), 3.75 pg of RSV-Rev (14), and 3.75 ng of lentiviral
construct encoding either no hairpin, the siCARD11-2 hairpin, or the siMUT
hairpin. The medium was changed 24 h after transfection, and at 48 h after
transfection viral supernatant was supplemented with polybrene (8 pg/ml) and
added to Jurkat T-cell cultures. Forty-eight hours after the addition of viral
supernatant, Jurkat T cells were resuspended in fresh medium containing puro-
mycin at 0.5 pg/ml and selected for 2 weeks. Puromycin-resistant Jurkat pools
were maintained in medium containing 0.5 wg/ml puromycin. Knockdown of
CARD11 was assessed by Western analysis of total cell lysates using antiserum
raised against murine CARDI11 (gift of D. Baltimore) and antibodies to IKKa
(sc-7606; Santa Cruz Biotechnology).

The KD-GFP, KD-Bcl10, and KD-MALT1 HEK293T (KD, knockdown) cell
lines were infected with lentiviruses based on pLKO.1 (35) and expressing shR-
NAs targeting the following sequences: for green fluorescent protein (GFP),
5'-AAGGCTACGTCCAGGAGCGCA-3'; for Bell0, 5'-GTTGAATCTATTCG
GCGAGAA-3'; for MALTI, 5'-CCTCACTACCAGTGGTTCAAA-3'. To
package these lentiviruses, HEK293T cells were plated at 9 X 10* per well in a
24-well plate 24 h prior to calcium phosphate-mediated transfection with 50 ng
of pCMV-VSVG (39), 100 ng of pMDL/pRRE, 35 ng of RSV-Rev, and 200 ng
of lentiviral construct. At 48 h after transfection viral supernatant was supple-
mented with polybrene (8 pg/ml) and added to fresh HEK293T cell cultures.
Twenty-four hours after the addition of viral supernatant, HEK293T were se-
lected for 2 weeks in the presence of puromycin at 1 pg/ml. Knockdown was
assessed by Western analysis of total cell lysates using antibodies to Bcll0
(sc-5273; Santa Cruz Biotechnology) and MALT1 (1664-1; Epitomics). The
KD-GFP, KD-Bcl10, and KD-MALT1 Jurkat T-cell lines were infected by the
identical pLKO.1-based lentiviruses and selected and maintained in medium
containing 0.5 pg/ml puromycin.

Reporter assays of HEK293T cells. HEK293T cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum, 100 U/ml
each of penicillin and streptomycin, and 2 mM glutamine in humidified 5% CO,
at 37°C. One day prior to infection, 9 X 10* cells were plated in 0.5 ml of medium
in each well of a 24-well plate. On the day of transfection, 376 ng of DNA was
transfected by the calcium phosphate method, including 20 ng of the reporter
Igk,-IFN-LUC (44), 6 ng of pCSK-LacZ (8), and up to 350 ng of the expression
construct to be tested. In each experiment, each sample was supplemented with
empty parental expression vector (pcDNA3; Invitrogen) to keep the total
amount of expression vector constant. The medium was changed 20 to 24 h
following transfection, and 40 to 44 h following transfection cells were lysed in
100 pl of reporter lysis buffer (Promega) at room temperature. Cells were
scraped and spun at 16,000 X g at room temperature for 10 min to pellet debris.
Twenty microliters of lysate was used to measure luciferase activity using a
luciferase assay system (Promega) and a luminometer (Perkin Elmer TR717)
integrating for 10 s after a 2-s delay, according to the manufacturer’s instructions.
B-Galactosidase (B-Gal) activity was determined using 10 pl of lysate and a
chemiluminescent B-Gal reporter gene assay (Roche) according to the manu-
facturer’s instructions. Relative stimulation was calculated for each sample by
dividing the luciferase activity, normalized to B-Gal activity, by that observed in
the sample containing only empty expression vector.

Reporter assays of Jurkat T cells. Jurkat T cells were grown in RPMI medium
supplemented with 10% fetal bovine serum, 100 U/ml each of penicillin and
streptomycin, 2 mM glutamine, and 50 uM B-mercaptoethanol in humidified 5%
CO, at 37°C. On the day of transfection, 5 X 10° cells were plated in 2 ml in
six-well plates prior to incubation with DNA-Fugene 6 (Roche) or DNA-Transit
LT1 (Mirus) complexes, according to the manufacturers’ instructions, using a
total of 3 ug of DNA and 9 ul of Fugene 6 or LT1. Assays included either the
Igk,-IFN-LUC reporter for NF-kB or the NFAT-LUC reporter for NFAT
(Stratagene). In all assays 200 ng of pCSK-LacZ was included and used as a
transfection and extract recovery control. At 40 to 44 h posttransfection, cells
were resuspended in 1 ml of medium with or without 1 pwg/ml each of anti-human
CD3 (BD Pharmingen 555329), anti-human CD28 (BD Pharmingen 555725),
and anti-mouse immunoglobulin G1 (BD Pharmingen; 553440) antibodies or 50
ng/ml PMA (Sigma) plus 1 pM ionomycin (Sigma) and incubated for 4 to 6 h.
Following stimulation, cells were lysed in 150 wl of reporter lysis buffer (Pro-
mega) for 10 min at room temperature. Debris was removed as described above,
and luciferase and B-Gal activities were measured using 50 and 25 pl of lysate,
respectively. In each experiment, each sample was supplemented with empty
parental expression vector (pcDNA3 or pEBB) to keep the total amount of
expression vector constant. Stimulation was calculated as described above.
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FIG. 1. The linker domains in CARDI11 are required for regulated TCR signaling to NF-kB. (A) Schematic of lentiviral constructs. Following
integration, the human H1 RNA promoter drives expression of an shRNA, and the CMV enhancer/chicken B-actin promoter fusion drives expression
of the puromycin resistance gene (PURO). The virus contains a flap sequence (F) for increased nuclear translocation efficiency and a Woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE) for enhanced expression. The sequences of the sihCARD11-2 and siMUT shRNAs are
depicted. (B) Jurkat T-cell pools infected with viruses expressing no hairpin (-), the sihCARD11-2 hairpin, or the siMUT hairpin were transfected with
200 ng of pCSK-LacZ and 2,800 ng of either Igk,-IFN-LUC or NFAT-LUC and stimulated with anti-CD3/anti-CD28 cross-linking as indicated. The
lower panels are Western blots of total cell extracts of the infected pools probed with antibodies to CARD11 or IKKa. (C) Schematic of the domain
structure of CARD11. The numbers indicate the amino acid position according to Pomerantz et al. (44). (D) The Jurkat T-cell pool stably expressing
the sihCARD11-2 shRNA was transfected with 200 ng of pCSK-LacZ and 1,800 ng of Igk,-IFN-LUC in the absence or presence of 200 ng of the indicated
CARDI11 variant expression construct. Cells were stimulated with anti-CD3/anti-CD28 cross-linking as indicated. The bars represent the mean values of
triplicate samples, and error bars indicate the standard deviation. WT, wild type; «, anti.

Immunoprecipitations. HEK293T cells were transfected by the calcium phos-
phate method as described above except that 1 day prior to transfection, 5 X 10°
HEK293T cells were plated in each well of a six-well plate, and a total of 2 pug of
DNA was transfected. The medium was changed 20 to 24 h posttransfection, and

the cells were harvested 44 to 48 h posttransfection. Cell lysates were made in 440
pl of immunoprecipitation lysis buffer (150 mM NaCl, 1 mM EDTA, 10%
glycerol, 1% Igepal, 50 mM HEPES, pH 7.9, and a protease inhibitor cocktail-
[Sigma P8340]). Debris was removed by centrifugation at 16,000 X g at 4°C for
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10 min. The supernatant was precleared twice with a 7-ul bed volume of protein
G-Sepharose 4 Fast Flow (GE Healthcare) for 1 h at 4°C with rotation. Ten
percent of the precleared lysate was saved for analysis by Western blotting, and
the rest was incubated with 1 pg of anti-FLAG antibody (Sigma F7425) for 90 to
120 min at 4°C with rotation. A 7-pl bed volume of protein G-Sepharose that had
been blocked with 1% insulin (Sigma 19278) was added and incubated for 60 to
90 min at 4°C with rotation. The resulting immunocomplex was washed with
immunoprecipitation lysis buffer four times for 5 min at 4°C with rotation. The
samples were boiled in sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) loading buffer, resolved on 10% SDS-PAGE gels, transferred to
polyvinylidene difluoride membrane, and analyzed by Western blotting using
anti-myc (sc-40; Santa Cruz Biotechnology) and anti-FLAG (M2; Eastman
Kodak IB13026) antibodies.

For the experiments shown in Fig. 11 and 12, immunoprecipitations were
performed in the same manner as described above, except that immunocom-
plexes were eluted from protein G-Sepharose beads with two 5-min incubations
at room temperature with 50 pl of 100 mM glycine, pH 3.0. Eluates were
neutralized with 10 pl of 3 M Tris, pH 8.8, added to SDS loading buffer, boiled,
and resolved on 10% acrylamide SDS-PAGE gels. These elution conditions were
used in order to eliminate a cross-reacting protein G band at 25 to 30 kDa. The
samples were analyzed by Western blotting using anti-myc (Santa Cruz sc-40),
anti-FLAG (Eastman Kodak IB13026), anti-Bcl10 (Santa Cruz sc-5273), and
anti-MALT1 (Epitomics 1664-1) antibodies.

For immunoprecipitations of endogenous CARD11, TRAF6, IKKa, and
caspase-8 proteins, 1 X 108 to 2 X 10® Jurkat T cells per sample were stimulated
with 50 ng/ml PMA and 1 pM ionomycin for 3, 5, 6, 9, 12, 15, or 30 min in a
volume of 20 ml and then placed on ice for 10 min. Cells were then pelleted at
500 X g for 5 min and lysed on ice for 10 min in 1.5 ml of immunoprecipitation
lysis buffer containing 2.5 mM sodium orthovanadate, 10 mM sodium fluoride,
and 10 mM B-glycerophosphate. Debris was pelleted by centrifugation at
16,000 X g at 4°C for 10 min. The supernatant was precleared with a 7-pl bed
volume of protein G-Sepharose for 1 h at 4°C with rotation. Two to five percent
of the precleared lysate was saved for analysis by Western blotting, and the
remaining fraction was incubated with 2 pg of either anti-TRAF6 (Santa Cruz
5¢c-8409) or anti-caspase-8 (Santa Cruz sc-6136) antibody overnight at 4°C with
rotation or with 2 pg of anti-IKKa (Santa Cruz sc-7606) antibody for 2.5 h at 4°C
with rotation. A 7-pl bed volume of protein G-Sepharose that had been blocked
with 1% insulin (Sigma I9278) was added and incubated for 60 to 90 min at
4°C with rotation. The resulting immunocomplex was washed with immunopre-
cipitation lysis buffer four times for 5 min at 4°C with rotation. The samples were
boiled in SDS-PAGE loading buffer, resolved on 10% acrylamide SDS-PAGE
gels, transferred to polyvinylidene difluoride membrane, and analyzed by West-
ern blotting using anti-CARD11 (Prosci 3189) and anti-caspase-8 (Santa Cruz
5¢c-7890), anti-TRAF6 (Santa Cruz sc-7221), or anti-IKKa (Santa Cruz sc-7218)
antibodies.

Glutathione-agarose precipitations. Glutathione-agarose precipitations were
done as described above for immunoprecipitations, except that after the super-
natant was precleared with protein G-Sepharose, 10% of the lysate was saved for
analysis by Western blotting, and the rest was incubated with a 7-pl bed volume
of glutathione-agarose (Molecular Probes) for 90 to 120 min at 4°C with rotation.
The resulting complex was washed with immunoprecipitation lysis buffer four
times for 5 min with rotation at 4°C. The samples were analyzed as described
above by Western blotting using anti-myc and anti-glutathione S-transferase
(GST) antibodies (sc-40 and sc-459, respectively; Santa Cruz Biotechnology).

IkBa degradation assays. The IkBa degradation assays were done as de-
scribed previously (44) using anti-IkBa (Santa Cruz sc-371) antibody.

Expression constructs. To generate pcCARD11, a DNA fragment encoding
residues 2 to 1159 of murine CARD11 (44) was cloned into pcDNA3 to make an
in-frame fusion to an N-terminal c-myc epitope (EQKLISEEDL). All CARD11
deletion constructs were constructed in pcDNA3 using standard molecular biology
techniques and verified by sequencing. Each retains the N-terminal myc epitope.
The ACARD expression construct (p)cACARD) deletes residues 2 to 115. The AL1
construct (pcALL1) deletes residues 116 to 149, the ACC construct (pcACC) deletes
residues 152 to 447, the AID construct (pcAID) deletes residues 441 to 671, the
APDZ construct (pcAPDZ) deletes residues 669 to 752, the AL3 construct (pcAL3)
deletes residues 759 to 775, the ASH3 construct (pcASH3) deletes residues 779 to
844, the AL4 construct (pcALA) deletes residues 848 to 952, and the AGUK con-
struct (pcAGUK) deletes residues 956 to 1159. The double deletion constructs
pcAIDACARD, pcAIDALL, pcAIDACC, pcAIDAPDZ, pcAIDAL3, pcAIDASH3,
pcAIDALA, and pcAIDAGUK contain identical simultaneous deletions in the indi-
cated domains. To generate the pcHA-ID-GST expression vector, a DNA fragment
encoding the ID of CARD11, corresponding to residues 441 to 671, was cloned into
pcDNA3 in frame with an N-terminal hemagglutinin (HA)-tag (YPYDVPDYA),
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and a C-terminal GST derived from pGEX-6P-1 (GE Healthcare). To make the
pEBB-HA-ID-GST expression vector, a fragment encoding the HA-ID-GST fusion
was cloned into pEBB, which drives expression from an EFla promoter. pEBG is a
derivative of pEBB that expresses GST. Expression vectors for FLAG-tagged pro-
teins were kind gifts from G. Nuiiez (Bcl10 in pcDNA3), D. Goeddel (TRAF6 in
pRK), T. Kawai and S. Akira (TAK1 in pFLAG-CMV4), and M. Boldin and D.
Baltimore (IKKy and caspase-8 C360S in pcDNA3).

RESULTS

The linker domains in CARD11 are required for regulated
TCR signaling to NF-kB. To examine which domains in
CARDI11 are required for TCR signaling to NF-kB, we estab-
lished a pool of Jurkat T cells that stably expresses an sShRNA
previously shown to knock down expression of human
CARDI11 (44). We infected Jurkat T cells with the lentiviral
construct shown in Fig. 1A and selected for infectants in the
presence of puromycin. Stable expression of the sihCARD11-2
hairpin resulted in an approximate 70% reduction in the
steady-state level of CARD11 protein, while control cells ex-
pressing a mutant hairpin or no hairpin displayed wild-type
CARDI11 levels (Fig. 1B left, lower panel). As expected,
CARD11-deficient Jurkat T cells displayed defects in TCR-
mediated activation of NF-«B, as judged by the relative induc-
tion of the NF-kB-responsive reporter Igk,-IFN-LUC elicited
by anti-CD3/anti-CD28 antibodies (Fig. 1B, left). In contrast,
CARD11-deficient Jurkat T cells displayed no defect in the
ability of anti-CD3/anti-CD28 cross-linking to activate the
NFAT-responsive reporter NFAT-LUC (Fig. 1B, right).

Since the sthCARD11-2 hairpin targets the human CARD11
mRNA in a region that contains nucleotides that differ from the
murine CARD11 mRNA, we could rescue CARD11 knockdown
by cotransfection of the wild-type murine CARD11, as described
previously (44). Using this RNAI rescue assay, we tested a panel
of CARD11 deletion mutants for the ability to mediate signaling
between the TCR complex and NF-kB. We have previously re-
ported that deletion of the CARD, coiled-coil, SH3, and GUK
domains of CARD11 abrogated the ability of CARD11 to signal
to NF-kB, while deletion of the PDZ domain had no effect (44)
(Fig. 1C depicts the domain structure of CARD11). As shown in
Fig. 1D (left), the deletion of several other regions of the protein
also abrogated CARD11 signaling, including the linker between
the CARD and coiled-coil domains (L1), the linker between the
PDZ and SH3 domains (L3), and the linker between the SH3 and
GUK domains (L4). These three deletion mutants failed to re-
store CARD11 activity over a wide titration range. Western anal-
yses of transfected cells indicated that the expression constructs
for CARDI1 and these deletion variants result in comparable
levels of protein expression per nanogram of DNA transfected
(data not shown).

Interestingly, deletion of the linker between the coiled-coil and
PDZ domains resulted in a variant of CARDI11 that had a greatly
enhanced ability to signal to NF-«B (Fig. 1D, right). We therefore
termed this region the ID and the hyperactive variant the AID.
Recently, Sommer et al. (55) and Matsumoto et al. (32) have
demonstrated that during TCR signaling CARDI11 is phosphory-
lated in this ID at residues 564, 577, and 657 in a signal-dependent
manner. Residues 564 and 657 can be phosphorylated by PKC6 in
vitro. The kinase responsible for phosphorylation of serine 577
has not been reported. The phosphorylation of this ID region
appears to be required for TCR-induced NF-«B activation and
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FIG. 2. Determinants of ID association with the CARD11 AID variant. (A) HEK293T cells were transfected with expression vectors for the
indicated CARD11 variants and 150 ng of expression vector for either the ID-GST fusion (pEBB-ID-GST) or GST (pEBG). Glutathione-agarose
precipitations were performed as described in Materials and Methods. To achieve approximately equivalent expression of each CARDI11 variant,
the following amounts of each expression vector were used (in ng): wild type (WT), 50; AID, 50; AIDACARD, 1,000; AIDALI1, 150; AIDACC, 75;
AIDAPDZ, 100; AIDAL3, 150; AIDASH3, 150; AIDAL4, 100; AIDAGUK, 100. Western blotting (WB) with the indicated antibodies was
performed to develop the contents of the precipitate (top and bottom panels) and the lysate input (middle panel). «, anti.

the CARD11-dependent recruitment of Bcl10 and the IKK com-
plex to the membrane and to lipid rafts (32, 55). Sommer et al.
(55) have provided evidence in favor of a model in which the
signal-induced phosphorylation of the ID reverses its inhibitory
effect on CARD11 signaling.

In agreement with the studies of Sommer et al. (55), we
observed that the AID behaved as a constitutively active
CARDI11 that had already received the activating signal from
the TCR complex that is mediated in part by PKC6 (see Fig.
S1A in the supplemental material). The AID constitutively
activated NF-kB in both Jurkat T cells and in human embry-
onic kidney cells (HEK293T), indicating that all of the re-
quired components downstream of CARD11 in the signaling
pathway to NF-kB are present in both lymphoid and nonlym-
phoid cells (see Fig. S1IA and B in the supplemental material).
CARDI11 may thus be viewed as a cell-type-restricted adapter
protein that functions to couple cell-type-specific upstream
signaling events to widely expressed downstream machinery.

We found that an ID-GST fusion protein could inhibit the
AID in trans and could associate with the AID (see Fig. S1C
and D in the supplemental material). These results suggested
that the ID inhibits CARDI11 by direct interaction with other
portions of the CARD11 protein and that, upon signaling, the
ID would disengage the other portions of CARD11 and allow
the signal-induced recruitment of other signaling cofactors.

The ID targets the CARD and the coiled-coil domain. We
next determined which domains in CARD11 were required for
the interaction with the ID. A panel of double-deletion vari-
ants was assayed for the ability to associate with the ID-GST
fusion when coexpressed in HEK293T cells. As shown in Fig.
2, the deletion of the coiled-coil domain had the largest dele-
terious effect on the binding of the ID-GST fusion to the AID.
The deletion of the CARD also reduced the level of ID-GST

binding, while deletions of the other regions of CARD11 did
not have significant effects. No interaction was observed with
the GST control. Consistent with this analysis, an N-terminal
construct containing the CARD and coiled-coil regions of
CARDI11 could associate with the AID, but the isolated CARD
or the coiled-coil domain could not (data not shown). These
results indicate that the ID binds both the CARD and the
coiled-coil domain and that the interaction with both domains
is required for highest affinity binding.

The CARD11 domains that function in NF-kB activation
downstream of ID neutralization. Our results and those of a
previous study (44) indicated that the CARD, L1, coiled-coil, L3,
SH3, L4, and GUK domains are each required for NF-«kB acti-
vation by TCR signaling. Each CARD11 domain that is required
for TCR-mediated NF-«kB activation could, in principle, act at
several levels of the pathway. As part of the scaffolding function of
CARD11, a domain may coordinate and be required for signaling
events upstream of PKCO activation. For example, the GUK
domain of CARDI11 is required for association with the PDK1
kinase, which has been reported to phosphorylate and activate
PKC# in this pathway (27). It is possible that other domains of
CARD11 function to coordinate events upstream of PKCH acti-
vation. Alternatively, a domain in CARD11 might be required for
the derepressive action of PKCH on CARD11. For example, a
domain in CARD11 might mediate a protein-protein interaction
that is required for the efficient association of active PKC8 with
CARD11 to enable the phosphorylation of the ID and the result-
ing derepression of CARDI11. Finally, a domain in CARDI11
might be required for events downstream of ID domain phosphor-
ylation and neutralization to coordinate or activate proteins that
act on the IKK complex.

If a domain were required exclusively for events that activate
PKC6 kinase activity, we expected that it would be required for
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FIG. 3. CARDI11 domain requirements for NF-kB activation by PMA/ionomycin treatment and by the CARD11 AID variant. (A) Jurkat T cell pools
stably expressing either no hairpin (—), the siMUT shRNA, or the sihCARD11-2 shRNA were transfected with 200 ng of pCSK-LacZ and 1,800 ng of
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indicated amounts (in ng) of expression vectors for the indicated CARD11 variants. (C) HEK293T cells were transfected with 6 ng of pCSK-LacZ and
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FIG. 4. The ID regulates the ability of CARD11 to associate with Bcl10, TRAF6, TAK1, IKK'y, and caspase-8. HEK293T cells were transfected
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IP, immunoprecipitation.

TCR signaling to NF-kB but not be required for NF-«kB acti-
vation by PMA/ionomycin treatment, which can bypass the
requirements for upstream molecules, presumably by activat-
ing PKC9 directly. Therefore, we used the RNAi rescue assay
described in Fig. 1 to test whether each domain that was
required for NF-«kB activation by anti-CD3/anti-CD28 cross-
linking was also required for PMA-ionomycin-mediated acti-
vation. As shown in Fig. 3A, the CARD, L1, coiled-coil, L3,
SH3, L4, and GUK domains were required for optimal activa-
tion of the Igk,-IFN-LUC reporter by PMA/ionomycin treat-
ment in Jurkat T cells, indicating that these domains are re-
quired for events downstream of PKC6 activation.

If a domain were required exclusively for the action of
activated PKC6O on CARDI11, for PKC0-mediated neutraliza-
tion of the ID, then the domain should be required for TCR-

and PMA/ionomycin-mediated reporter stimulation but not
for reporter stimulation by the AID, which does not require
PKC6 action or ID neutralization for activity. We therefore
deleted each domain in the context of the AID and tested the
effect of the deletion on the ability of the protein to activate the
Igk,-IFN-LUC reporter in Jurkat T cells (Fig. 3B) and
HEK293T cells (Fig. 3C). Interestingly, each domain tested,
with the exception of the PDZ domain, was required for max-
imal AID activity in both lymphoid and nonlymphoid cell types.
These results indicate that the CARD, L1, coiled-coil, L3,
SH3, L4, and GUK domains each function, directly or indi-
rectly, in CARD11 signaling to NF-kB downstream of ID neu-
tralization.

The ID regulates the association of CARD11 with Bcll0,
TRAF6, TAKI1, IKKvy, and caspase-8. Several widely expressed
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FIG. 5. Bcl10, TRAF6, TAKI, and IKK+y compete with the ID in frans for binding to the AID variant. HEK293T cells were transfected with
expression vectors for the AID and either the ID-GST fusion or GST in the absence and presence of vectors encoding Bcl10 (A), IKKy (B), TRAF6
(C), TAK1 (D), or caspase-8 C360S (E). Glutathione-agarose precipitations were performed as described in Materials and Methods. To achieve
approximately equivalent expression of the AID and the ID-GST in the absence and presence of each signaling cofactor, the following amount of
each expression vector was used (in ng): AID, 50 to 100; ID-GST, 100 to 300; GST, 50; Bcll0, 150; IKKvy, 300; TRAF6, 300; TAK1, 100; or
caspase-8 C360S, 300. The panels show the contents of the precipitate and lysate input, developed with anti-myc, anti-FLAG, or anti-GST primary

antibody, as indicated. o, anti; WB, Western blotting.

signaling proteins have been implicated in TCR-mediated ac-
tivation of the IKK complex, including Bcll0, MALTI,
TRAF2, TRAF6, caspase-8, and TAK1. During antigen recep-
tor signaling, CARD11 has been shown to associate with Bcl10
(17, 69), TAK1 (53), and the IKKry subunit of the IKK complex
(56). We suspected that the ID might regulate the ability of
CARDI11 to associate with one or more of these signaling
cofactors. Indeed, Sommer et al. (55) have demonstrated that
the ID can regulate the association of CARD11 with Bcl10. We
also observed an enhanced ability of the CARD11 AID variant
to associate with Bcl10 compared to wild-type CARD11. We
coexpressed myc-tagged AID and wild-type CARDI11 with
FLAG-tagged Bcl10 and assayed association by coimmunopre-
cipitation using anti-FLAG antibodies. As shown in Fig. 4A,
we readily detected the CARD11 AID variant in the immuno-
precipitate while wild-type CARD11 was barely detected.
Interestingly, we found that the AID also had an enhanced

ability, compared to wild-type CARD11, to associate with TRAF6
(Fig. 4B), TAKI1 (Fig. 4C), IKKy (Fig. 4D), and caspase-8 (Fig.
4E) using the same immunoprecipitation assay. TRAF6, IKKvy,
and caspase-8 appeared to associate only with the AID, indicating
a strong ability of the ID to regulate the association of CARD11
with these proteins. TAK1 appeared to be somewhat less suscep-
tible to ID regulation for CARDI1 association since there was
less of a difference between the wild type and the AID in parallel
immunoprecipitations. For these experiments we used the cata-
lytically inactive C360S variant of caspase-8 so as not to cause
apoptosis in the transfected cells. In similar experiments, we did
not detect a reproducible association between the AID and either
TRAF2 or MALT1 (data not shown). These results indicate that
the ID regulates the ability of CARD11 to associate with multiple
signaling cofactors.

To test whether the ID directly competes for binding of
these cofactors to CARDI11, we assessed in glutathione-aga-
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rose precipitations whether the interaction between the ID-
GST fusion and the AID would be affected by coexpression of
any of these cofactors. As shown in Fig. 5, Bcl10, IKKy,
TRAF6, and TAKI1 did reduce the interaction between ID and
the AID, consistent with a model in which the ID sterically
interferes with the binding of these factors to CARDII.
Caspase-8 did not reduce the ID-AID interaction; this might
suggest that caspase-8 associates with CARDI11 through a
bridging protein that is endogenous to 293T cells. Alterna-
tively, the affinity of caspase-8 for the AID or its expression
level might be too low to achieve competition with the ID
under the conditions of this experiment. Consistent with mu-
tually exclusive binding of the ID or these cofactors with the
AID, we did not detect any of the FLAG-tagged cofactors in
the glutathione-agarose precipitates containing the ID-GST
(data not shown).

Inducible association of CARD11 with caspase-8 and TRAF6
in T cells. While it has previously been demonstrated that
CARDI11 can associate with the IKK complex, Bcl10, and
TAK1 in a signal-inducible manner during antigen receptor
signaling in lymphocytes, such an interaction has not been
reported for caspase-8 and TRAF6. The ability of the ID to
regulate CARDI11 association with caspase-8 and TRAF6 pre-
dicts that, in T cells, the neutralization of the ID during TCR
signaling should result in the inducible association of these
proteins with CARDI11. To test this prediction, we treated
Jurkat T cells with a time course of PMA/ionomycin, per-
formed immunoprecipitations from extracts using either anti-
TRAF6 or anti-caspase-8 antibody, and probed for the pres-
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FIG. 7. The ID does not determine whether CARDI11 can self-
associate. HEK293T cells were transfected with the indicated amounts
(in ng) of expression vectors for wild-type CARD11 or the AID variant
as either myc-tagged or FLAG-tagged fusions. Anti-FLAG immuno-
precipitations were performed as described in Materials and Methods.
The panels show the contents of the immunoprecipitate and the lysate
input, developed with either anti-myc or anti-FLAG primary antibody,
as indicated. WT, wild type; «, anti; IP, immunoprecipitation; WB,
Western blotting.

ence of CARDI11. As shown in Fig. 6, CARD11 associated with
these proteins in a signal-inducible manner.

The ID does not determine whether CARD11 can oligomer-
ize. Tanner et al. (62) have reported that the coiled-coil domain
of CARD11 mediates oligomerization of the protein. Since the
ID interacted with the coiled-coil domain, we tested whether the
ID could regulate the ability of CARDI11 to oligomerize. When
myc-tagged and FLAG-tagged wild-type CARDI11 were coex-
pressed in HEK293T cells, the proteins readily associated, as
revealed in the coimmunoprecipitation experiment shown in Fig.
7. The hyperactive AID variant displayed no further enhanced
oligomerization at comparable protein concentrations, indicating
that the ID and signals that regulate the interaction between the
ID and the coiled-coil domain do not significantly regulate the
oligomerization status of CARD11.

Determinants of ID-regulated association of signaling co-
factors with CARD11. The enhanced ability of the AID to asso-
ciate with Bcl10, TRAF6, TAK1, caspase-8, and IKK+y afforded
the opportunity to ascribe recruitment functions to the domains
revealed in Fig. 3 to be required for signaling downstream of ID
neutralization. We used the immunoprecipitation assay and a
panel of double deletion variants of CARD11 to determine which
domains of the AID are required for the association of Bcll0,
TRAF6, TAKI, caspase-8 C360S, and IKKy. As shown in Fig.
8A, the deletion of either the CARD or coiled-coil domain in the
context of the AID abrogated the association of Bcl10, indicating
that both the CARD and the coiled-coil domain of CARD11 are
required for high-affinity association with Bcll10. None of the
other domain deletions appeared to affect the association of
Bcl10 with the AID.

In the assay for TRAF6 association with the AID, the deletion
of the coiled-coil domain had the largest deleterious effect (Fig.
8B). In addition, the deletion of the CARD and the L1 domain
also reduced the ability of TRAF6 to associate with the AID.

Interestingly, TAK1 association with the AID was affected in
this assay only by deletion of the CARD and not by deletion of
any other domain (Fig. 8C). Caspase-8 C360S association with
the AID was abrogated by deletion of the coiled-coil domain
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FIG. 8. Determinants of the association of the AID with Bcl10, TRAF6, and TAK1. (A) HEK293T cells were transfected with expression
vectors for the indicated CARD11 variants in the absence (—) or presence (+) of the expression vector for FLAG-tagged Bcl10. Anti-FLAG
immunoprecipitations were performed as described in Materials and Methods. To achieve approximately equivalent expression of each
CARDI11 variant, the following amount of each expression vector was used (in ng): wild type (WT), 100; AID, 100; AIDACARD, 1,000;
AIDALL, 100; AIDACC, 100; AIDAPDZ, 150; AIDAL3, 125; AIDASH3, 150; AIDAL4, 50; AIDAGUK, 50. To achieve approximately
equivalent expression of Bcl10 in each sample, 100 ng of Bcl10 expression vector was used in each sample except that 500 ng was used in
the AIDACARD sample and 300 ng was used in the AIDAPDZ sample. Western blotting (WB) with the indicated antibodies (at right) was
performed to develop the contents of the immunoprecipitate (top and bottom panels) and the lysate input (middle panel). (B) Anti-FLAG
immunoprecipitations were performed as described in panel A except that 200 ng of the expression vector for FLAG-tagged TRAF6 was used
in all indicated samples (+). The following amount (in ng) of expression vector for each CARD11 variant was used: WT, 200; AID, 200;
AIDACARD, 2,000; AIDALL1, 200; AIDACC, 90; AIDAPDZ, 300; AIDAL3, 250; AIDASH3, 300; AIDAL4, 100; AIDAGUK, 100. (C) Anti-
FLAG immunoprecipitations were performed as described in panel A except that 200 ng of the expression vector for FLAG-tagged TAK1
was used in all indicated samples (+). The following amount (in ng) of expression vector for each CARD11 variant was used: WT, 100; AID,
100; AIDACARD, 1,000; AIDALL, 100; AIDACC, 100; AIDAPDZ, 150; AIDAL3, 175; AIDASH3, 150; AIDAL4, 50; AIDAGUK, 50. «, anti;
IP, immunoprecipitation.
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FIG. 9. Determinants of the association of the AID with caspase-8 C360S and IKKy. (A) Anti-FLAG immunoprecipitations were performed
as described in the legend of Fig. 8A except that 1,000 ng of the expression vector for FLAG-tagged caspase-8 C360S was used in all indicated
samples (+). The following amount (in ng) of expression vector for each CARD11 variant was used: wild type (WT), 100; AID, 100; AIDACARD,
1,000; AIDALLI, 100; AIDACC, 50; AIDAPDZ, 150; AIDAL3, 125; AIDASH3, 150; AIDALA4, 50; AIDAGUK, 50. (B) Anti-FLAG immunopre-
cipitations were performed as described in the legend of Fig. 8A except that 800 ng of the expression vector for FLAG-tagged IKKry was used in
all indicated samples (+). The following amount (in ng) of expression vector for each CARD11 variant was used: WT, 120; AID, 120; AIDACARD,
1,200; AIDALL, 120; AIDACC, 120; AIDAPDZ, 180; AIDAL3, 210; AIDASH3, 180; AIDALA4, 60; AIDAGUK, 60. o, anti; IP, immunoprecipitation;

WB, Western blotting.

and partially affected by deletion of the CARD (Fig. 9A).
IKKy showed a pattern similar to that of caspase-8; its asso-
ciation with the AID was eliminated by deletion of the coiled-
coil domain and reduced to a lesser extent by deletion of the
CARD (Fig. 9B).

Although these proteins in general showed different rel-
ative domain dependencies for their association with the
hyperactive CARD11 AID variant, each required either the
CARD or the coiled-coil domain or both for association.
These are the same domains that appeared from our anal-
ysis in Fig. 2 to be targeted for binding by the ID.

Bcl10 is not required for the association of TAK1, TRAF6,
caspase-8, or IKK+vy with activated CARD11 in HEK293T cells.
Recent models of CARD11 action in antigen receptor signaling
have proposed that the binding of Bcl10 and MALT1 to CARD11
is required for the recruitment of other signaling cofactors into an
active signaling complex. In these models, a Bcl10-MALT1 com-
plex binds directly to CARDI11 during signaling and then bridges
an interaction between CARD11 and other factors that directly
bind to either Bcll10 or Bell0-bound MALT1, such as TRAF6,
caspase-8, and the IKK complex (22, 43, 45, 63). However, the
domain requirements for the association of cofactors with the
AID suggested that several proteins may associate with CARD11

in a Bell0-independent manner. The coiled-coil domain deletion
had a greater effect on Bcl10 association than on TAKI associa-
tion (Fig. 8), and the CARD deletion had a greater effect on
Bcl10 association than on TRAF6, caspase-8 C360S, or IKKy
association with the AID (Fig. 8 and 9).

We therefore tested whether the Bcll0 that is endogenously
expressed in HEK293T cells was required for the observed
association between the hyperactive AID and TAK1, TRAF®6,
caspase-8 C360S, or IKKy. We infected HEK293T cells with a
lentivirus that stably expresses an shRNA designed to knock
down human Bcl10 by RNAi (see Materials and Methods for
experimental details). As shown in Fig. 10A, expression of this
hairpin resulted in approximately 90% knockdown of endoge-
nous Bcll0 expression in this cell line (KD-Bcl10) compared to
a control line infected with a lentivirus expressing a hairpin
designed to knock down GFP (KD-GFP). As expected, this
reduction in Bcl10 expression severely impaired the ability of
the AID or wild-type CARDI11 to activate the Igk,-IFN-LUC
reporter when expressed at levels of protein expression com-
parable to that in the KD-GFP control line (Fig. 10B and C).
We then determined whether this reduction in Bcll0 levels,
which so drastically impaired AID signaling to NF-«kB, would
affect the ability of the AID to bind to other signaling cofactors.
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FIG. 10. Stable knockdown of Bcl10 and MALT1 in HEK293T cell lines. HEK293T cells were infected with lentiviruses expressing shRNAs
that target either Bcll0, MALTI, or GFP as a control, as described in Materials and Methods, to establish the KD-GFP, KD-Bcl10, and
KD-MALTT1 cell lines. (A) The indicated amounts (in pg) of stably infected cell lysates were assayed by Western blotting for Bel10 and MALT1
protein levels using anti-Bcl10 and anti-MALT1 primary antibodies. (B) The KD-GFP, KD-Bcl10, and KD-MALTT1 cell lines were transfected with
6 ng of pCSK-LacZ, 20 ng of Igk,-IFN-LUC, and the indicated amounts (in ng) of expression vectors for myc-tagged wild-type CARD11 or the
AID variant. Stimulation was determined as described in Materials and Methods. (C) The lysates from samples in panel B were probed by Western
blotting using anti-myc primary antibody to indicate the relative expression level of each variant. The bars represent the mean values of triplicate

samples, and error bars indicate the standard deviations. WT, wild type.

Surprisingly, there was no significant difference in the ability of
the AID to interact with TAK1 (Fig. 11A), TRAF6 (Fig. 11B),
IKKry (Fig. 12A), or caspase-8 C360S (Fig. 12B) in the Bcll0-
deficient line compared to interaction observed in control KD-
GFP line. These experiments were conducted using subsatu-
rating levels of the interacting proteins in order to maximize
the detection of any effect of Bcl10 deficiency. Consistent with
a Bcll0-independent association of these proteins with the
AID, we did not detect Bcl10 in the immunoprecipitated com-
plexes that contained the AID and either TAKI, caspase-8
C360S, TRAF6, or IKKy in either the KD-GFP or KD-Bcl10
lines (Fig. 11 and 12). These data indicate that the hyperactive
AID, which corresponds to CARD11 that has been activated
by signal-induced ID neutralization, has an enhanced ability to
associate with these cofactors that does not depend on Bcl10.

We also determined whether the MALT1 that is endog-
enously expressed in HEK293T cells was required for the ob-
served association between the hyperactive AID and TAKI,

TRAF6, caspase-8 C360S, or IKKy. HEK293T cells were in-
fected with a lentivirus expressing a hairpin that targets the
human MALT1 mRNA (see Materials and Methods for ex-
perimental details). As shown in Fig. 10A, infection with this
virus resulted in a cell line, KD-MALT1, that demonstrated a
~87% reduction in MALT1 protein levels. Interestingly, this
reduction in MALT1 expression resulted in only a mild, ap-
proximately twofold reduction in the ability of wild-type
CARDI11 or the AID to activate the Igk,-IFN-LUC reporter
(Fig. 10B) at equivalent levels of protein expression in the
KD-GFP and KD-MALTT1 lines (Fig. 10C). This result indi-
cates either that the residual levels of MALT1 (~13% of
wild-type levels) are largely sufficient to conduct CARDI11-
mediated signaling to NF-kB or that MALT1 is not strictly
required in this context for CARD11-mediated signaling to
NF-«B. Interestingly, Ferch et al. (16) have recently shown that
in B cells MALT1 is dispensable for CARD11-mediated IKK
activation and for the activation of RelA-containing NF-kB
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FIG. 11. Effect of Bcll0 and MALT1 knockdown on the association of the AID with TAK1 and TRAF6 in HEK293T cells. The KD-GFP,
KD-Bcl10, and KD-MALT]1 cell lines were transfected with expression vectors for the wild-type CARD11 or the AID in the absence (—) or
presence (+) of expression vectors for FLAG-tagged TAK1 (A) or TRAF6 (B). Anti-FLAG immunoprecipitations were performed as described
in Materials and Methods. Where indicated, transfections included 100 ng of expression vector for wild-type CARD11 and 200 ng of expression
vector for either TAK1 or TRAF6. To achieve approximately equivalent expression of the AID variant in each cell line, 200 ng of AID expression
vector was used in the KD-GFP line, and 400 ng was used in the KD-Bcll0 and KD-MALT1 lines. The panels show the contents of the
immunoprecipitate and lysate input developed with the indicated primary antibodies. In the control lane (C), the equivalent of 5% of the lysate
input from the KD-GFP sample was resolved so as to provide a positive control for the Western blot (WB) analysis of the immunoprecipitates for
the presence of Bcll0 and MALT1. WT, wild type; «, anti; IP, immunoprecipitation.

complexes. In contrast, MALT1 is required for B-cell receptor-
mediated activation of c-Rel-containing NF-kB heterodimers.
It is possible that HEK293T cells rely mainly on RelA-contain-
ing heterodimers for NF-«kB activity.

As shown in Fig. 11 and 12, the ~87% reduction in MALT1
protein levels did not affect the ability of the AID to interact with
TAK1, TRAF6, caspase-8 C360S, or IKKry. Additionally, we did
not detect MALT1 in the immunoprecipitated complexes that
contained the AID and either TAK1, TRAF6, caspase-8 C3608S,
or IKKY in either the KD-GFP, KD-Bcl10, or KD-MALT1 lines.
These data indicate that an eightfold reduction in MALT]1 levels
does not significantly affect the ability of the AID to interact with
these proteins under these conditions.

Differential dependence on Bcl10 and MALTT1 for the signal-
induced association of CARD11 with TRAF6, the IKK com-
plex, and caspase-8 in T cells. We then determined whether

Bcl10 and MALT1 were required for the signal-induced asso-
ciation of cofactors with CARDI11 in T cells. We infected
Jurkat T cells with the same lentiviruses used in the experiment
shown in Fig. 10 and obtained Jurkat lines that exhibited
~83% reduced expression of Bcl10 (KD-Bcl10) and MALT1
(KD-MALT1) (Fig. 13A). Each of these lines was defective in
PMA/ionomycin-induced activation of NF-«kB, as judged by
IkBa degradation (Fig. 13B) and Igk,-IFN-LUC reporter
stimulation (Fig. 13C), indicating that this level of knockdown
of either Bcll0 or MALT1 in Jurkat T cells impaired
CARD11-dependent signaling. As shown in Fig. 14A, despite
the 83% reduction in Bcl10 or MALT1, there was no defect in
the PMA/ionomycin-induced association between CARDI11
and TRAF6 in the KD-Bcll0 or KD-MALT1 Jurkat T cell
lines, as indicated by the coimmunoprecipitation of CARD11
with TRAF6 using anti-TRAF6 antibodies. This result con-
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FIG. 12. Effect of Bcll0 and MALT1 knockdown on the association of the AID with IKKy and caspase-8 C360S in HEK293T cells. The
KD-GFP, KD-Bcl10, and KD-MALT1 cell lines were transfected with expression vectors for the wild-type CARD11 or the AID in the absence (—)
or presence (+) of expression vectors for FLAG-tagged IKKy or caspase-8. Anti-FLAG immunoprecipitations were performed as described in
Materials and Methods. In panel A, transfections included 800 ng of expression vector for IKKy where indicated. To achieve approximately
equivalent expression of wild-type and AID CARD11 variants in each cell line, the following amounts were used, from left to right (in ng): 100
WT, 200 AID, 100 WT, and 200 AID (for the KD-GFP cells); 200 WT, 400 AID, 100 WT, and 400 AID (for KD-Bcl10 cells); 200 WT, 400 AID,
100 WT, and 400 AID (for KD-MALTT1 cells). In panel B, where indicated, transfections included 100 ng of expression vector for wild-type
CARDI11 and 1,000 ng of expression vector for caspase-8. To achieve approximately equivalent expression of the AID variant in each cell line, 200
ng of AID expression vector was used in the KD-GFP line, and 400 ng was used in the KD-Bcl10 and KD-MALTT1 lines. The panels show the
contents of the immunoprecipitate and lysate input developed with the indicated primary antibodies. In the control lane (C), the equivalent of 5%
of the lysate input from the KD-GFP sample was resolved so as to provide a positive control for the Western blot (WB) analysis of the

immunoprecipitates for the presence of Bcll0 and MALT1. WT, wild type; «, anti; IP, immunoprecipitation.

firmed that, at endogenous protein concentrations in T cells,
neither Bcll0 nor MALT]I is required for the signal-induced
association of CARD11 and TRAFG6.

We assessed the association of the IKK complex with
CARDI1 in these lines by immunoprecipitation with anti-
IKKa antibodies. As shown in Fig. 14B, the signal-induced
association of the IKK complex with CARD11 was only par-
tially reduced in the KD-Bcl10 and KD-MALT]1 lines, indicat-
ing that the recruitment of the IKK complex to CARDI11 is
largely independent of Bcl10 and MALTI.

In sharp contrast, the inducible coimmunoprecipitation of
CARDI11 with caspase-8 was severely affected by the knock-
down of either Bcll0 or MALT1 (Fig. 14C), indicating that
both Bcll0 and MALT1 are required for caspase-8 to stably

associate with CARD11 during signaling. These results indi-
cate that at endogenous levels of expression in T cells, during
the signal-induced conversion of CARDI1 to an active scaf-
fold, CARD11 can recruit cofactors independently of one an-
other in a manner that differentially depends on Bcl10 and
MALTTI.

DISCUSSION

CARDI11 is a critical adapter molecule that functions to
couple the recognition of antigen and costimulatory signals at
the surface of the T cell to the induction of NF-«kB activity that
is required for T-cell activation and proliferation in the adap-
tive immune response. As a signaling adapter, CARD11 must



5682 McCULLY AND POMERANTZ

A KD-GFP KD-Bcl10 KD-MALT1
ng 40 20 10 5 40 20 10 5 40 20 10 5

Bel10 —> |- - —

MALT1 —> —— -~
B KD-GFP KD-Bcl10 KD-MALT1
PA(min) 0 5 15 30 0 5 15 30 0 5 15 30
IKBo—> | 5 - - - - —
C 7.0
6.0
c 5.0 +
S
2 40
E
» 3.0
T
e 20/
1 [ [
0.0
- + - +

PMA/IONO - +
KD-GFP

KD-Bcl10 KD-MALT1

FIG. 13. Stable knockdown of Bcl10 and MALT1 in Jurkat T cell
lines. Jurkat T cells were infected with lentiviruses expressing shRNAs
that target either Bcl10, MALT1, or GFP as a control, as described in
Materials and Methods, to establish the KD-GFP, KD-Bcl10, and
KD-MALTT1 cell lines. (A) The indicated amounts (in pg) of stably
infected cell lysates were assayed by Western blotting for Bcll0 and
MALTT1 protein levels using anti-Bcl10 and anti-MALT1 primary an-
tibodies. (B) The KD-GFP, KD-Bcl10, and KD-MALT]1 cell lines were
stimulated with PMA (50 ng/ml) and ionomycin (1 uM) (P/I) for the
indicated times. Lysates were assayed by Western blotting for IkBa
degradation using anti-IkBa primary antibody. (C) The KD-GFP, KD-
Bcl10, and KD-MALTT1 cell lines were transfected with 200 ng of
pCSK-LacZ, 1,500 ng of Igk,-IFN-LUC, and 1,300 ng of pBSKII+ and
stimulated with 50 ng/ml PMA and 1 wM ionomycin for 1 h. Stimula-
tion was determined as described in Materials and Methods. The bars
represent the mean values of triplicate samples, and error bars indicate
the standard deviations.

contain determinants that allow it to receive pathway-specific
upstream signals and transmit the information to non-pathway-
specific molecules that are used widely for the activation of the
IKK complex and NF-«kB.

Our results illuminate how CARD11 is converted from an
inactive state to an active signaling scaffold so that upstream
TCR signaling is translated into the assembly of an active
signaling complex (Fig. 15). Prior to signaling, the ID interacts
with the CARD and the coiled-coil domain to prevent the
recruitment of signaling cofactors to CARD11. The interaction
of the ID with the CARD and the coiled-coil domain may
occur within the same CARD11 molecule or between two or
more oligomerized molecules of CARDI11. Signaling down-
stream of the TCR results in the neutralization of the activity
of the ID, which requires the phosphorylation of the ID on
serine residues 564 and 657 by PKC6 and on serine 577 by an
undetermined kinase (32, 55). Once the ID is neutralized, the
CARD, L1, and coiled-coil domains present surfaces for the
recruitment of Bcll0, TAK1, TRAF6, caspase-8, and IKKry.

MoL. CELL. BIOL.

MALT1 is presumably recruited through its interaction with
Bcl10, and caspase-8 stably associates during signaling in a
Bcl10- and MALT1-dependent manner. These factors then
function to promote the activation of the IKK complex and
NF-«kB, which other investigators have shown to involve the
TRAF6-mediated ubiquitination of MALT1 (43) and IKKrvy
(59), the MALT1-mediated ubiquitination of IKKry (73), the
ubiquitination of Bcll0 by an undetermined ligase (71),
the TAK1-mediated phosphorylation of IKK (52, 59), and the
proteolytic activity of caspase-8 on an undefined substrate (58).

It is important to note that our association studies do not
distinguish between direct and indirect association between
CARDI11 and these cofactors since the experiments were per-
formed using cell lysates. Other proteins that are present in
HEK293T and Jurkat T cells may bridge the interactions we
studied.

The determinants in CARDI11 that control its association
with Bcl10, TAK1, TRAF6, IKKY, and caspase-8 lie within the
CARD-L1-coiled-coil region (Fig. 15). The AID hyperactive
variant, which corresponds to activated CARD11 in which the
ID has been neutralized, required both the CARD and the
coiled-coil domain to associate with Bell10. The TAKI associ-
ation required only the CARD, while the TRAF6 association
required the CARD, L1, and coiled-coil domains. The associ-
ation of IKKy and caspase-8 required the coiled-coil domain
and, to a lesser extent, the CARD. Bcl10, TAKI, and IKKy
have previously been shown to associate with CARD11 in an
inducible manner during antigen receptor signaling (17, 53, 56,
69). Our observation that the AID had an enhanced ability to
associate with TRAF6 and caspase-8 compared to wild-type
CARDI11 predicted that both of these proteins would also
associate with CARDI11 in T cells in a signal-dependent man-
ner. This was indeed the case (Fig. 6). Caspase-8 and TRAF6
have been shown to interact, and this interaction may be im-
portant for signaling events that occur subsequent to their
recruitment to CARD11 (4).

Although the ID regulates the association of multiple cofac-
tors with CARD11, it does not appear to regulate CARD11
oligomerization. Both wild-type and AID variants of CARD11
appeared to have equivalent capacities to self-associate (Fig.
7). We have shown that the coiled-coil domain is targeted by
the ID, and Tanner et al. have demonstrated that the coiled-
coil domain is required for CARDI11 oligomerization (62).
This indicates that CARD11 oligomerization is likely mediated
by surfaces of the coiled-coil domain that are not engaged by
the ID and is not influenced by signals that neutralize activity
of the ID.

Recent models have proposed that during TCR signaling,
Bcll0 is recruited to CARDI11 and functions to recruit other
signaling cofactors into a CARD11-containing complex so that
IKK complex activation may proceed (43, 45, 51, 52, 63). Our
data in HEK293T cells indicate that once the ID is neutralized,
CARDI11 has an intrinsic enhanced affinity for TAK1, TRAF®6,
caspase-8, and IKKy and can recruit these molecules in a
Bcl10-independent manner (Fig. 10 to 12).

In Jurkat T cells, the signal-induced recruitment of TRAF6
and the IKK complex to CARDI11 were largely Bcll0 and
MALT1 independent (Fig. 13 and 14), consistent with a Bcl10-
and MALT1-independent ability of CARD11 to associate with
these cofactors once the ID is neutralized by upstream signal-
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a, anti; IP, immunoprecipitation.

ing. In contrast, the inducible association of caspase-8 with
CARDI11 in T cells exhibited a much greater dependence on
Bcl10 and MALT1 than the other factors examined (Fig. 14).
This observation was surprising since the AID could associate
with caspase-8 C360S in HEK293T cells in a manner that was
not affected by the ~90% reduction in Bcl10 or MALT1 levels.
The difference might be explained by the fact that we assayed
association in HEK293T cells using the catalytically inactive
C360S variant of caspase-8. Caspase-8 is known to undergo
conformational changes after the activation of its proteolytic
activity (6). Since caspase-8 is activated during TCR signaling,
it is likely that the associations we detected in Jurkat T cells
involved catalytically active caspase-8. It is possible that the
inactive conformation of caspase-§ can be recruited to
CARD11 during signaling in a Bcl10-independent manner and
then convert to the active conformation which stably associates
with CARD11 through Bcll0 and MALT1. We were not able
to reproducibly assay the signal-induced recruitment of TAK1
to CARDI11 in Jurkat T cells with the available anti-TAKI1
antibodies. However, the CARD11-TAKI1 association was not
as inhibited by the ID in cis as were the other cofactor asso-
ciations, and TAK1 required only the CARD for association
with the AID, while the other factors required other domains.
These data strongly suggest that TAKI1 is recruited to
CARDI11 in a manner that is independent of the other factors
we studied.

The association of Bcll0, TAK1, TRAF6, IKKy, and
caspase-8 with the CARD and with the L1 and coiled-coil
domains explains why these domains of CARDI11 are required
after the inhibitory activity of the ID is neutralized by upstream
signals. We also demonstrated that each of the L3, SH3, L4,
and GUK domains of CARD11 is also necessary for signaling
after ID neutralization. Each of these domains is required for
PMA/ionomycin-mediated signaling to NF-kB in T cells, and
each is required for constitutive signaling by the CARD11 AID
(Fig. 3).

The L3, SH3, L4, and GUK domains may mediate the re-
cruitment of other factors required for IKK complex activa-
tion, may target CARD11 and associated factors to a cellular
locale that is required for signaling, or may promote confor-
mational states of the CARD and the coiled-coil domain that
are required to bind cofactors that we did not study. All of
these domains are required for the activity of the AID in both
lymphoid and nonlymphoid cells, indicating that they function
in concert with factors that are not specific to the antigen-
receptor signaling pathway and do not depend on the specific
spatial architecture of the immunological synapse. The SH3
domain has been shown to be involved in membrane recruit-
ment of CARDI11 (67), and it is likely that membrane recruit-
ment of CARDI11 is required for PKC6 to act on the ID.
However, it is not clear whether SH3-mediated membrane
association or a distinct function of the SH3 domain is required



5684 McCULLY AND POMERANTZ

CARD CARD
L1 L1
l ID ID I
CC||CC

Antigen Receptor Signaling
ID Neutralization

GUK L4\SH3] L3 | PDZ PDZ L31SHSIL4 GUK

FIG. 15. Model of the signal-induced conversion of CARDI11 to an
active signaling scaffold. Prior to TCR engagement, the ID of
CARD11 interacts with the CARD and the coiled-coil (CC) domain to
prevent the association of signaling cofactors. Although it is depicted
here as an intramolecular interaction in the inhibited state, it is also
possible that the ID interacts with the CARD and the coiled-coil
domain of another CARD11 molecule in the oligomer. TCR signaling
leads to the neutralization of ID activity, in part through the phosphor-
ylation of the ID by PKCH. Once the ID is neutralized, signaling
cofactors can be recruited to the N-terminal portion of CARD11. The
model indicates which domains of CARDI11 are required for the as-
sociation with the cofactors analyzed. TAK1 requires only the CARD,
while Bcl10 requires the CARD and coiled-coil domain. TRAF6 re-
quires the CARD and the L1 and coiled-coil domains, while caspase-8
and IKKy each require the CARD and the coiled-coil domain.
MALT1 is presumably recruited through interactions with Bcll0.
Caspase-8 (CASP-8) requires both Bcl10 and MALT1 to associate with
CARDI11 during signaling. The association of TAK1, TRAF6, and
IKK~y with activated CARD11 can occur in a Bcll0-independent and
MALTI1-independent manner. The ID does not appear to influence
whether CARD11 oligomerizes, suggesting that oligomerization oc-
curs both before and after signaling through a region of the coiled-coil
domain that is not targeted by the ID. The depicted interactions
between CARDI11 and signaling cofactors may be direct or may re-
quire other proteins to bridge the associations.

for events downstream of PKC6 action. The PDZ-L3-SH3
region of CARDI10 (also called CARMA3) has been demon-
strated in a yeast two-hybrid assay to present a binding surface
for IKKry (56); however, our results suggest that these domains
in CARDI1 are not required for IKKy association, which
requires the coiled-coil domain and CARD instead. The
CARDI11 GUK domain has been shown to bind PDK1 (27), a
kinase that functions in this pathway in PKC8 activation and in
recruitment of CARDI11 to lipid rafts in T cells. Since we
demonstrate a role for the GUK domain subsequent to ID
neutralization, other GUK-binding proteins are likely to be
involved in this pathway. Finally, the adhesion and degranula-
tion-promoting adapter protein (ADAP) has been shown to
interact with the C-terminal half of CARD11 containing the
PDZ, L3, SH3, 14, and GUK domains (33). Since ADAP is
required for TCR signaling to NF-«B, this protein may explain
the requirement for one or more of these CARD11 domains in
this pathway in T cells. However, since ADAP is expressed in
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a tissue-restricted fashion and since L3, SH3, L4, and GUK
domains function in both lymphoid and nonlymphoid cells,
other proteins are likely to interact with these domains during
CARD11-mediated signaling.

The integrative signaling function of CARDI11 that is re-
quired for normal antigen receptor signaling is also likely to
play a critical role in the progression of some types of cancer.
Lymphomas of mucosa-associated lymphoid tissue (MALT
lymphoma) are associated with chromosomal translocations
that lead to the overexpression of Bcll0 or MALTT1 or to the
expression of a hyperactive API2-MALT1 fusion protein (1,
12, 24, 31, 38, 57, 64, 70, 72). It is possible that in MALT
lymphoma the association of these molecules with CARD11 is
required for their dysregulated signaling to NF-«kB, which is
thought to contribute to lymphoma progression. The activated-
B-cell-like subtype of diffuse large B-cell lymphoma displays
aberrant activation of the IKK complex and NF-kB in a man-
ner that is required for proliferation and survival (10, 26).
Recently, CARD11 has been shown to be a required upstream
signaling molecule in this lymphoma (42), and missense muta-
tions in CARD11 have been found in ~10% of activated-B-
cell-like diffuse large B-cell lymphoma tumor biopsies (28).
Intriguingly, several of these missense mutations increase the
signaling ability of CARD11 and map to the coiled-coil domain
(28). Based upon our studies, we suggest that oncogenic coiled-
coil mutations could lead to enhanced signaling activity, most
likely by disrupting the inhibitory interaction that we have
described between the ID and the coiled-coil domain. Alter-
natively, one or more of these mutations could enhance the
affinity of CARD11 for Bcll0, IKKy, TRAF6, or caspase-8.
Each of the surfaces that CARD11 uses to coordinate signaling
to NF-kB may provide a target for therapeutic amelioration of
lymphomas that depend on CARD11 signaling. Importantly,
since CARDI11 appears to be critical in a limited number of
NF-kB-inducing pathways, pharmacological agents that target
the scaffolding function of CARDI11 might not perturb the
important biological effects of the diverse array of physiologi-
cal stimuli that regulate NF-«B in other contexts.
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