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The recurrent translocation t(11;18)(q21;q21) associated
with mucosa-associated lymphoid tissue (MALT) lymphoma
results in the expression of an API2�MALT1 fusion protein that
constitutively activates NF-�B. The first baculovirus IAP repeat
(BIR) domain of API2 and the C terminus of MALT1, which
contains its caspase-like domain, are present in all reported
fusion variants and interact with TRAF2 and TRAF6, respec-
tively, suggesting their contribution to NF-�B signaling by
API2�MALT1. Also, the involvement of BCL10 has been sug-
gested via binding to BIR1 of API2 and via its interaction with
the immunoglobulin domains of MALT1, present in half of the
fusion variants. However, conflicting reports exist concerning
their roles in API2�MALT1-induced NF-�B signaling. In this
report, streptavidin pulldowns of biotinylated API2�MALT1
fusion variants showed that none of the fusion variants inter-
acted with endogenous BCL10; its role in NF-�B signaling by
API2�MALT1 was further questioned by RNA interference
experiments. In contrast, TRAF6 was essential for NF-�B acti-
vation by all fusion variants, and we identified a novel TRAF6
binding site in the second immunoglobulin domain of MALT1,
which enhancedNF-�B activationwhen present in the fusion pro-
tein. Furthermore, inclusion of both immunoglobulin domains in
API2�MALT1 further enhancedNF-�B signaling via intramolecu-
lar TRAF6 activation. Finally, binding of TRAF2 to BIR1 contrib-
uted to NF-�B activation by API2�MALT1, although additional
mechanisms involving BIR1-mediated raft association are also
important. Taken together, these data reveal distinct mecha-
nisms of NF-�B activation by the different API2�MALT1 fusion
variants with an essential role for TRAF6.

Extranodal marginal zone B-cell lymphoma of mucosa-asso-
ciated lymphoid tissue (MALT)4 represents with 8% one of the
most common types of non-Hodgkin B-cell lymphoma. Two
translocations specific for MALT lymphoma are t(1,14)(p22;
q32) and t(14,18)(q32;q21), which up-regulate the expression of
theBCL10 andMALT1 gene, respectively, via their fusion to the
enhancer of IgH (1–4). Themost common genetic aberration is
the translocation t(11;18)(q21;q21), where fusion of API2 to
MALT1 results in the expression of an API2�MALT1 fusion
protein (5).
BCL10 (6) and MALT1 (7, 8) play a crucial role in the

signaling cascade from the antigen receptors to the tran-
scription factor NF-�B. Upon T-cell receptor stimulation,
CARMA1 (CARD-containing MAGUK protein-1) recruits
the BCL10�MALT1�TRAF6 (9, 10) and the IKK (11)
(IKK��IKK��IKK�/NEMO) complexes to the lipid rafts (12–
14) surrounding the receptor. Here it is thought that oligomer-
ization of TRAF6 elicits its ubiquitin ligase activity, resulting in
polyubiquitination of IKK�, the regulatory subunit of the IKK
complex (15, 16). This together with phosphorylation of IKK�
by the TAK1�TAB complex (16) fully activates the IKK com-
plex, which then triggers phosphorylation and proteasome-me-
diated degradation of I�B-�, the inhibitor of NF-�B. In this way
NF-�B is released as a free complex allowing it to translocate to
the nucleus and elicit its transcriptional function.
There are several lines of evidence that the API2�MALT1

fusion protein somehow introduces a shortcut in the signaling
pathway to NF-�B. Initial experiments in cell lines demon-
strated that API2�MALT1 could induce constitutive NF-�B
activity (17, 18). Later, this was linked to enhanced polyubiq-
uitination of IKK� inMALT lymphomas (19) and in transgenic
mice (20). It is generally believed that the BIR domains of API2
mediate the oligomerization of the MALT1 moiety, which in
turn triggers TRAF6 oligomerization activating its ubiquitin
ligase activity.However, the interaction ofTRAF6withMALT1
via the two potential TRAF6 binding sites in its C terminus has
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thus far only been demonstrated via overexpression and co-
localization studies (16, 21). Moreover, a recent report ques-
tioned a role for TRAF6 in NF-�B activation by API2�MALT1,
as the mutation of both potential TRAF6 binding sites does not
affect its signaling potential (19). In contrast, we observed a
dominant negative effect on NF-�B activation for the C-termi-
nal TRAF6 binding sitemutation (E806A), suggesting an essen-
tial role for TRAF6 in NF-�B signaling by API2�MALT1 (20).
Different API2�MALT1 fusion variants were used in these stud-
ies (19, 20), which might explain the observed differences.
In approximately half of the MALT lymphoma cases with

t(11;18), the API2�MALT1 protein contains the three N-termi-
nal BIR domains of API2 fused to the C-terminal caspase-like
domain ofMALT1.Depending on the breakpoint, however, the
fusion variants have in addition one or two immunoglobulin
(Ig) domains of MALT1, as observed in �40 and 10% of the
cases, respectively. The Ig domains interact with BCL10, which
could explain the enhanced NF-�B activation associated with
fusion variants carrying these domains (18). In addition, over-
expressed BCL10 was reported to interact with the first BIR
domain of API2 and to synergistically activate NF-�B with
API2�MALT1 (22). The first BIR domain further interacts with
TRAF1 andTRAF2, although this interaction then again is appar-
ently not involved in NF-�B activation by API2�MALT1 (23).

To clarify the mechanisms by which API2�MALT1 activates
NF-�B, we investigated the role of BCL10, TRAF2, and TRAF6
for the different fusion variants. Our data argue against a role
for BCL10 in their NF-�B activating potential, althoughTRAF2
does contribute via its interaction with the first BIR domain of
API2. Furthermore, we have demonstrated an essential role for
TRAF6 inNF-�B activation by all fusion variants and identified
a new TRAF6 binding site in the second Ig domain of MALT1.
Both TRAF6 binding sites contribute to NF-�B signaling by
MALT1 and API2�MALT1 and seem to enhance NF-�B activa-
tion by theAPI2�MALT1 fusion variantwith both Ig domains of
MALT1 via intramolecular TRAF6 activation.

EXPERIMENTAL PROCEDURES

Constructs—A vector enabling expression of biotinylated
proteins was constructed by introducing oligonucleotides
encoding the biotinylation (bio) sequence (GLNDIFEAQKIE-
WHE) described byBeckett et al. (24) downstreamof theN-ter-
minal FLAG epitope in the plasmid pcDNA3.1 (pcD-F-bio). A
second vector contained the bio-tag preceded by a flexible
linker (SGSSGSSG) C-terminal of the multiple cloning site
(pcD-F-bioC). These vectors were used to generate bio-con-
structs for MALT1 and the API2�MALT1 fusion variants
A7M8, A7M5, and A7M3 (fusion of exon 7 of API2 with exons
8, 5, and 3 ofMALT1, respectively; see Fig. 1A). The open read-
ing frames of A7M8, A7M5, A7M3, MALT1, and BCL10 were
amplified by reverse transcription-PCR using long distance
PCR (Roche Applied Science). PCR-based mutagenesis was
applied to generate MALT1 fragments with deletion of exon 7
(M7d) or mutation of the TRAF6 binding sites (E313A/E316A
orM7m and E653E and E806A, separately or combined), which
were subcloned into the above mentioned constructs to gener-
ate the different mutants. The same strategy was used to gen-
erate API2�MALT1 constructs containing the E47A/R48A (ER-

AA) TRAF1/2 binding site mutation (25) in their first BIR
domain. The open reading frame of the Escherichia coli BirA
biotin protein ligase was amplified from genomic DNA via long
distance PCR and cloned in the MSCV-FLAG-puromycin
vector.
Cell Culture—HEK-293T cells, Jurkat T-cells, and SSK41

MALT lymphomaB-cells were cultured inDulbecco’smodified
Eagle’s medium-F12 (Invitrogen) supplemented with 10% fetal
calf serum at 37 °C in 5%CO2.Monoclonal stable cell lines were
generated by electroporating 5 � 106 cells with 20 �g of linear-
ized plasmid DNA (250 V, 960 microfarads; Genepulser Bio-
Rad), followed by single-cell dilution and selection with the
appropriate antibiotics. As such, monoclonal Jurkat and SSK41
cell lines were generated stably expressing BirA from a
pMSCV-FLAG-puromycin vector alone or in combination
with a bio-tagged version of MALT1 (Jurkat) and A7M3 or
A7M8 (SSK41), respectively, via their expression from a pcD-
F-bio-neomycin vector. To mimic antigen receptor stimula-
tion, Jurkat T-cells were stimulated with 50 ng/ml phorbol
12-myristate 13-acetate (Sigma-Aldrich) and 100 ng/ml Ca2�-
ionophore (Sigma-Aldrich) for the indicated time. After wash-
ing with phosphate-buffered saline, cells were lysed for 30 min
on ice in NDLB lysis buffer (0,3% Nonidet P-40, 20 mM Tris-
HCl, pH 7,6, 110 mM NaCl, 2 mM EDTA, and 10% glycerol
supplemented with phosphatase inhibitors (30 mM NaF, 1 mM
Na3VO4, 2 mM Na2MoO4, 5 mM Na4P2O7) and 1� Complete
protease inhibitor mixture (Roche Applied Science)).
Gene Silencing, Transfection, and NF-�B Reporter Assays—

The following predesigned siRNAs were used for gene knock-
down experiments: a mix of AAGGTACTGGAGCCTGA-
AGGA and AAGGTTGCACAGTCACAGAAT for MALT1, a
mix of AAGGGCTGGAAAATTGTTAGA and AAGGACTA-
AAATGTAGCAGTT for BCL10, and a control siRNA for
green fluorescent protein (Ambion). HEK-293T cells in
12-well plates were transfected with siRNA duplexes (50 nM)
using Oligofectamine (Invitrogen). After 4 h the medium
was refreshed, and cells were transfected as described previ-
ously (20). NF-�B reporter assays were performed as
described previously (20).
2 � 106 Traf6�/� and Traf6�/� murine embryonic fibro-

blast (MEF) cells5 were grown in 10-cm Petri dishes and
transiently transfected with a total of 5 �g of DNA using
AmaxaTM technology (Amaxa Biosystems) according to the
manufacturer’s instructions. The DNA mixture comprised
500 ng of pAct�-galactosidase, 500 ng of pNFconluc, and 4
�g of specific expression plasmids. 48 h after transfection,
cells were lysed in 200 �l of luciferase-lysis buffer (25 mM
Tris phosphate, pH 7.8, 2 mM dithiothreitol, 2 mM 1,2-cyclo-
hexaminediaminetetraacetic acid, 10% glycerol, and 1% Tri-
ton X-100). After the addition of substrate buffer to a final
concentration of 470 �M luciferin, 270 �M coenzyme A, and
530 �M ATP, luciferase activity was measured in a Topcount
microplate scintillation reader (Packard Instrument Co.).
�-Galactosidase activity was assayed using the Galactostar
reporter gene assay system (Applied Biosystems). Luciferase

5 G. Van Loo and M. Pasparakis, unpublished data.
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values were normalized for galactosidase values to correct
for differences in transfection efficiency (plotted as
luciferase/�-galactosidase).

Bio-Immunoprecipitation and
Western Blot Analysis—The bio-
immunoprecipitation method is
described by de Boer et al. (26).
Briefly a protein of interest contain-
ing the biotinylation tag becomes
biotinylated in vivo via co-expres-
sion of the E. coli BirA biotin pro-
tein ligase. After cell lysis in NDLB
lysis buffer for 30 min on ice, the
biotinylated protein complex is pre-
cipitated via binding to paramag-
netic streptavidin beads (Dynabeads
M-280, Invitrogen) for 2 h at 4 °C.
Protein precipitates were washed
three times in lysis buffer and boiled
for 10 min at 95 °C in 1� SDS gel
loading buffer (with a final concen-
tration of 4% SDS and 300 mM
�-mercaptoethanol).

Raft purifications were per-
formed as described previously (20).
Cell lysates and precipitated protein
complexes were fractionated on
4–12% SDS-polyacrylamide gels
(NuPage, Invitrogen) and trans-
ferred to polyvinylidene difluoride
membranes (GE Healthcare). API2�
MALT1 (A7M8, A7M5, and A7M3)
and MALT1 were detected with
�-FLAG (Sigma-Aldrich) or with a
rabbit polyclonal antiserum raised
against the C terminus (residues
731–824) of MALT1 (�-MALT1-
C). Antibodies from Santa Cruz
Biotechnology were used for immu-
nodetection of BCL10 (sc-5273),
TRAF6 (sc-7221), and TRAF2
(sc-876), respectively. The antibod-
ies against UBC13 (4E11) and phos-
phorylated I�B-� (Ser32–Ser36,
5A5) was purchased from Invitro-
gen and Cell Signaling, respectively.

RESULTS

NF-�B Activation by API2�MALT1
Does Not Require BCL10—The
API2�MALT1 fusion protein con-
taining both Ig domains of MALT1
(A7M3 or case 2; see Fig. 1A) pos-
sessed a higher NF-�B activating
potential in 293 cells comparedwith
the variant lacking these domains
(A7M8 or case 1) (18). In MALT1,
the Ig domains mediate the interac-

tion with BCL10, which is essential for MALT1 to synergisti-
cally enhance NF-�B activation with BCL10 (17). Because the
differences in potential of the fusion variants to activate NF-�B

FIGURE 1. NF-�B activation by API2�MALT1 does not require BCL10. A, features of MALT1 and API2�MALT1 plus
the domain content (solid bars) of the MALT1 deletion constructs and the A7M8, A7M5, and A7M3 fusion variants
(fusion API2 exon 7 to MALT1 exons 8, 5, and 3, respectively). Deletions are depicted by dotted lines. B, inclusion of one
or two Ig domains of MALT1 in A7M5 and A7M3, respectively, results in higher NF-�B-dependent luciferase activity
in reporter assays compared with A7M8 (see “Experimental Procedures”). Equal expression levels were confirmed by
immunoblot with �-FLAG. C, API2�MALT1 binds endogenous TRAF2 and TRAF6 but not BCL10 in HEK-293T cells.
Immunoblot with �-FLAG, �-TRAF6, �-TRAF2, and �-BCL10 on protein complexes precipitated with bio-tagged
A7M8/5/3, MALT1, and empty vector transiently expressed in HEK-293T cells. Bio-IP, bio-immunoprecipitation.
D–E, the DD of MALT1 is required for binding of BCL10 to the Ig domains. Purified protein complexes from
HEK-293T cells transfected with the indicated bio-tagged constructs were analyzed by Western blotting with
�-FLAG (for MALT1 and deletion constructs), �-TRAF6, and �-BCL10. F, immunoblot with �-FLAG, �-TRAF6,
�-TRAF2, and �-BCL10 on protein complexes precipitated with bio-tagged A7M8 and A7M3 stably expressed
in SSK41-BirA B-cells and bio-tagged MALT1 stably expressed in Jurkat-BirA T-cells, unstimulated and after 10
min of stimulation with phorbol 12-myristate 13-acetate and Ca2�-ionophore. G and H, BCL10 is not involved
in NF-�B signaling by A7M3 or A7M8. HEK-293T cells were transfected with siRNA duplexes against MALT1,
BCL10, or green fluorescent protein (si-GFP; as control) followed by transfection with A7M3 (G) or A7M8 (H) as
indicated. The expression levels were determined by immunoblot with �-MALT1-C (for A7M3 and endogenous
MALT1), �-FLAG (for A7M8), or �-BCL10. NF-�B-dependent luciferase activity is shown as -fold induction of
vector-transfected cells and represents the mean � S.D. of at least three independent experiments. Molecular
mass standards are in kDa.
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correlated with their ability to interact with overexpressed
BCL10, it was suggested that BCL10 contributes to NF-�B sig-
naling by the A7M3 fusion variant via binding to its Ig domains
(18). Transient expression ofAPI2�MALT1 constructs with one
(A7M5) or both (A7M3) Ig domains in HEK-293T cells indeed
resulted in higher activity of the NF-�B luciferase reporter
compared with the A7M8 variant (Fig. 1, A and B). To investi-
gate whether this correlated with their potential to recruit
BCL10, we purified protein complexes from HEK-293T cells
transiently expressing these API2�MALT1 fusion variants with
a biotinylation tag. Co-expression of the E. coli biotin protein
ligase BirA allowed in this way the pulldown of biotinylated
API2�MALT1 with streptavidin-coated paramagnetic beads
(26).Western blot analysis of purified API2�MALT1 complexes
showed an interaction with endogenous TRAF2 and TRAF6.
We could however not co-precipitate endogenous BCL10 with
any of the fusion variants, in contrast to the efficient co-purifi-
cation with a biotinylated MALT1 construct (Fig. 1C). Simi-
larly, deletion of the N-terminal death domain (DD) inMALT1
abolished its interaction with BCL10 (Fig. 1D). As BCL10 did
not co-precipitate with the bio-taggedDD alone, this suggested
that theDDand the Ig domains ofMALT1 cooperate for BCL10
recruitment (Fig. 1E). To exclude a cell type-specific effect, we
generated SSK41 MALT lymphoma B-cells with stable expres-
sion of both the BirA biotin ligase and bio-tagged A7M8 and
A7M3, respectively. Again, we could only identify TRAF2 and
TRAF6 but not BCL10 in purified protein complexes (Fig. 1F).

Next, RNA interference was used to address the role of
BCL10 in NF-�B activation by the A7M3 fusion variant. As
shown in Fig. 1G, siRNA against BCL10 effectively knocked
down its expression in 293T cells, however this did not affect
the potential of the A7M3 fusion to activate NF-�B. Similar
results were obtained for A7M8 (Fig. 1H). Partial knockdown of
MALT1, on the other hand, increased NF-�B signaling by
A7M3, most likely because of the increased levels of “free”
TRAF6 otherwise bound to MALT1. Purified MALT1 protein
complexes indeed revealed the existence of a preformed
BCL10�MALT1�TRAF6 complex in 293T and Jurkat cells, both
in the resting condition, as after stimulation of the antigen
receptor-signaling pathway to NF-�B (Fig. 1, C and F). Alto-
gether, these data argue against a role for BCL10 in NF-�B
activation by the different API2�MALT1 fusion variants.
TRAF6 Is Essential for API2�MALT1-mediated NF-�B

Activation—Purified protein complexes from HEK-293T and
SSK41 cells revealed that the different API2�MALT1 fusion
variants all interacted with TRAF2 and TRAF6 (Fig. 1,C and F),
suggesting that both TRAF proteins contribute to the NF-�B
activating potential of the fusions. Two potential TRAF6 bind-
ing sites were identified in MALT1 (T6-C1 � PEETGSY,
MALT1 residues 651–657; and T6-C2 � PVETTD, MALT1
residues 804–809 (16); Fig. 2A), but deletion or mutation
(E806A) of themost C-terminal site appeared to be sufficient to
completely abolish NF-�B activation by A7M8 (20). Protein
complexes co-precipitatedwith bio-taggedA7M8or the E653A
and E806A mutants in HEK-293T cells showed that only the
E806Amutant had lost its potential to interact with TRAF6 and
to activate the NF-�B reporter (Fig. 2B), confirming the essen-
tial role of TRAF6 in A7M8-mediated NF-�B activation. A

recent report, however, questioned the involvement of TRAF6
inNF-�B signaling by API2�MALT1 asmutation of both T6-C1
and T6-C2 (E2A) in A7M5 had no effect on NF-�B activation
(19). We therefore wondered whether the E2A mutation dis-
rupted TRAF6 binding in the fusion variants containing one or
two Ig domains, and we analyzed protein complexes purified
with bio-tagged A7M5/3 and their E2A mutant. Although we
did observe a reduction in NF-�B activation, the E2Amutation
apparently did not affect binding of TRAF6 with A7M3 (Fig.
2C), suggesting either an indirect interaction or the existence
of another TRAF6 binding site in the MALT1 moiety.
Because the same results were obtained for A7M5 (data not
shown) and in view of the dominant negative effect of the
E806A mutation on TRAF6 binding to A7M8, we suspected
the second Ig domain (Ig2) of MALT1 to be involved in this
additional interaction with TRAF6. Closer examination of its
sequence revealed two partial TRAF6 binding consensus
sequences just downstream of the Ig2 (TDEAVE, MALT1
residues 311–316; and AVECTE, MALT1 residues 314–
319), both located in exon 7 of MALT1 that encodes only 11
amino acids (Fig. 2A). Deletion of these 11 amino acids
(M7d) or the double mutation E313A/E316A (M7m) did not
inhibit TRAF6 binding but reduced the potential of A7M3 to
activate NF-�B by half, suggesting an involvement in NF-�B
signaling (Fig. 2C, lanes 3 and 5). A combination of the E2A
mutation with the M7d deletion or the M7m mutation,
respectively, completely blocked NF-�B reporter activation
by A7M3, which correlated with a complete disruption of
TRAF6 interaction (Fig. 2C, lanes 4 and 6).
It was reported previously that deletion of the C-terminal

Ig-like domain of MALT1 in an A7M5 construct (del 1 (19))
disrupts its interaction with overexpressed UBC13 and abol-
ishes NF-�B activation, suggesting a crucial role for binding
of UBC13 to this Ig-like domain. A similar deletion pre-
vented indeed NF-�B activation by an A7M3 construct (Fig.
2D); however, we could not detect endogenous UBC13 in the
purified protein complexes from the different API2�MALT1
fusion variants (Fig. 2, B–D). We noticed however that this
deletion not only prevented the interaction of TRAF6 with
the C terminus of A7M3 but also disrupted its recruitment to
the exon 7 binding site, which could explain the defective
NF-�B signaling. Finally, when the A7M3 and A7M8 fusions
were expressed in Traf6�/� MEFs, the absence of Traf6
function abolished API2�MALT1-mediated NF-�B activa-
tion (Fig. 2E).
Altogether, these data demonstrate that A7M5 and A7M3

can interact with TRAF6 via two distinct binding sites, sug-
gesting that their higher NF-�B activating potential in com-
parison with A7M8 might result from their ability to recruit
two TRAF6 molecules simultaneously. Furthermore, they
reveal that TRAF6 is essential for NF-�B activation by all
API2�MALT1 fusion variants.
Both TRAF6 Binding Sites Contribute to MALT1-mediated

NF-�B Activation—The identification of the novel TRAF6
binding site in the Ig2 domain of MALT1 raises the question
whether this site is also involved in MALT1-mediated sig-
naling to NF-�B. Purified protein complexes with bio-tagged
MALT1 demonstrated an interaction with endogenous
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TRAF6 in HEK-293T and Jurkat
T-cells (Fig. 1, C and F). Similar to
A7M3 and A7M5, the interaction
between TRAF6 and MALT1
could only be disturbed by the
double M7m-E2A mutation, indi-
cating that MALT1 also contains
two functional TRAF6 binding
sites (Fig. 3, A and B). To find out
whether they were both involved
in MALT1-mediated signaling to
NF-�B, we analyzed the effect of
their mutation on the synergism of
MALT1 with BCL10 for NF-�B
activation. As shown in Fig. 3C,
mutation of either one of the
TRAF6 binding sites in MALT1
had little effect on the synergism
with BCL10, whereas a total block
of TRAF6 binding to MALT1 via
the double mutation completely
abolished the effect of MALT1 co-
expression and dropped NF-�B
activation to the level of BCL10
expression alone. In conclusion,
these data show two distinct
TRAF6 binding sites in MALT1
that both contribute to NF-�B
signaling.
Role for Lipid Raft Association in

MALT1-mediated NF-�B Acti-
vation—Overexpression of MALT1
does not trigger NF-�B activation
although it synergistically activates
NF-�B with BCL10 (17), suggesting
that BCL10 is required for the effi-
cient oligomerization and activa-
tion of MALT1�TRAF6. Following
antigen receptor stimulation, this
oligomerization event is mediated
by the recruitment of the BCL10�
MALT1�TRAF6 complex to the
lipid rafts at the receptor, which
allows interaction with downstream
signaling molecules and is essential
for NF-�B activation. We therefore
investigated whether raft-mediated
oligomerization might be involved in
the above mentioned overexpression
experiments. As shown in Fig. 3D,
overexpressed MALT1 is not associ-
ated with the lipid raft membrane
fractions in HEK-293T cells, in con-
trast to overexpressed BCL10. Their
co-expression, however, resulted in
the redistribution of MALT1 to the
upper, lower density fractions con-
taining raft-associated proteins such

FIGURE 2. TRAF6 is essential for API2�MALT1-mediated NF-�B activation. A, features of the A7M3 fusion
variant plus the domain/TRAF6 binding site content (solid bars) of the series of deletion and mutation con-
structs. Mutated TRAF6 binding sites are depicted by an open circle and deletions by dotted lines. The NF-�B
activating potential of the constructs is indicated along the right side. The sequences of the different
TRAF6 binding sites are shown, and the glutamic acid critical for TRAF6 binding is indicated with an
asterisk. B–D, NF-�B-dependent luciferase reporter assays (top panels; see “Experimental Procedures”) and
Western blot analysis of purified protein complexes (bottom panels; bio-immunoprecipitation (Bio-IP)) of
HEK-293T cells transiently expressing the indicated bio-tagged constructs. NF-�B-dependent luciferase
activity is shown as -fold induction of vector-transfected cells and represents the mean � S.D. of at least
three independent experiments. Protein complexes precipitated with streptavidin-coated paramagnetic
beads were analyzed with �-FLAG (expression/precipitation control) and with �-TRAF6, �-TRAF2, and
�-UBC13 to evaluate their co-precipitation on an endogenous level. E, luciferase reporter activity of
Traf6�/� and Traf6�/� MEFs transfected with the API2�MALT1 fusion variants A7M3 and A7M8 or empty
vector. luc/gal, luciferase/�-galactosidase values.
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as Lyn kinase, suggesting indeed that BCL10 facilitates the oli-
gomerization of MALT1�TRAF6 in the lipid rafts in these
conditions.
Role for Lipid Raft Association in API2�MALT1-mediated

NF-�B Activation—Previously we showed a role for lipid rafts
inNF-�B signaling by A7M8, given that deletion of the first BIR
domain (BIR1) of API2 inhibited not only raft association of
A7M8 but also NF-�B activation (20). Similarly, deletion of
BIR1 prevented recruitment of A7M5 (not shown) and A7M3
to the lipid rafts (Fig. 4,A and B), although this resulted only for
A7M5 in a complete block of NF-�B activation: the BIR1-dele-
tion construct of A7M3 could still partly activate NF-�B (Fig.
4C). Because the first BIR domain contains a TRAF1/2 binding
site (25), we examined its role in NF-�B signaling by all fusion
variants. As shown in Fig. 4C, the ER-AA mutation of the
TRAF1/2 binding site in BIR1 abolished the interaction of all
fusion variants with endogenous TRAF2 and inhibited NF-�B
activation by A7M8, although it led only to reduced NF-�B
activation by A7M5 and A7M3 (Fig. 4C). Purification of deter-
gent-resistant membrane fractions showed that the ER-AA
mutation did not inhibit the association of A7M5 (not shown)
and A7M3 with the lipid rafts (Fig. 4B), which then might
explain why they still activated NF-�B (Fig. 4C). Although raft
association was also intact for A7M8 (not shown), the ER-AA
mutation apparently disturbed its interaction with TRAF6,
which was observed for the BIR1 deletion mutant of A7M8 as
well and thus explains the complete block in NF-�B signaling
(Fig. 4C).
Altogether these data indicate that lipid raft localization of all

API2�MALT1 fusion variants is mediated by the first BIR
domain of API2. Although for A7M8 and A7M5, raft localiza-
tion is associated with their potential to signal to NF-�B, A7M3
can activate NF-�B via an additional raft-independent mecha-
nism. Furthermore, TRAF2 binding to BIR1 contributes to
NF-�B signaling by all fusion variants, although it is not
required exclusively for their raft localization.
Intramolecular TRAF6 Activation by the A7M3 Fusion

Variant—In contrast to A7M8 and A7M5, the BIR1 deletion
construct of A7M3 could still activate NF-�B (Fig. 4C). Because
BIR1 is essential not only for raft localization as shown in the
experiments above but also for A7M5 oligomerization (23), this
then implies an additional raft- and oligomerization-indepen-
dent mechanism for NF-�B activation by A7M3. In view of the
two functional TRAF6 binding sites in MALT1, we questioned
whether their fusion to API2 might trigger an intramolecular
TRAF6 dimerization and activation event. As shown in Fig. 5,
mutation of a single TRAF6 binding site (M7m or E2A) com-
pletely blocked NF-�B activation by A7M3-�B1, although
interaction of TRAF6 with the other site was conserved, sug-
gesting indeed that an intramolecular TRAF6 activation mech-
anism contributes toNF-�B signaling byA7M3. In contrast, the
samedid not hold forA7M5,where deletion of BIR1 completely
abolished NF-�B activation, although both TRAF6 binding
sites were still able to recruit TRAF6 (data not shown). In con-
clusion, these data indicate that intramolecular activation of
TRAF6 contributes to NF-�B signaling by A7M3 but not
A7M5.

FIGURE 3. Both TRAF6 binding sites contribute to MALT1-mediated
NF-�B activation. A, features of MALT1 plus the domain/TRAF6 binding site
content (solid bars) of the series of mutation constructs. Mutated TRAF6 bind-
ing sites are depicted by an open circle. B, MALT1 contains two functional
TRAF6 binding sites. Protein complexes purified with the respective bio-
tagged constructs were immunoblotted with �-FLAG, �-TRAF6, �-TRAF2, and
�-BCL10. Bio-IP, bio-immunoprecipitation. C, both TRAF6 binding sites of
MALT1 are involved in the synergism with BCL10 for NF-�B activation. NF-�B
reporter assays (see “Experimental Procedures”) of HEK-293T cells transfected
with the indicated constructs. NF-�B-dependent luciferase activity is shown
as -fold induction of vector-transfected cells and represents the mean � S.D.
of at least three independent experiments. The expression levels of the bio-
tagged MALT1 constructs and BCL10 were determined by immunoblot with
�-FLAG or �-BCL10, respectively. D, HEK-293T cells transiently transfected
with MALT1 and BCL10, alone or in combination, were lysed, subjected to
sucrose density gradient centrifugation, and immunoblotted with �-FLAG
(for MALT1 and BCL10) and �-Lyn.
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DISCUSSION

Constitutive NF-�B activation induced by the chimeric
API2�MALT1 protein is considered essential for B-cell trans-
formation and progression of t(11;18)-positiveMALT lympho-
mas. It is believed that self-oligomerization of API2�MALT1
triggers K63-linked polyubiquitination of IKK�, and a role for
the RINGdomain ubiquitin ligase TRAF6 hereinwas suspected
(16). A recent report, however, suggested that API2�MALT1
might stimulateNF-�B activation independently of TRAF6 and
attributed the ubiquitin ligase activity toMALT1 itself (15, 19).
Also TRAF1 and TRAF2, adaptors that normally regulate API2
function, were shown not to contribute toAPI2�MALT1 signal-
ing (23). In contrast, BCL10was reported to synergistically acti-
vate NF-�B with API2�MALT1 via its interaction with the first
BIR domain of API2 (22). In this report, we evaluated the role of

BCL10, TRAF2, and TRAF6 for
NF-�B activation by different
API2�MALT1 fusion variants. Our
data show that BCL10 does not
interact with API2�MALT1 or con-
tribute to its signaling to NF-�B. In
contrast, all fusion variants bind
either one or twoTRAF6molecules,
and we have demonstrated that this
interaction is essential for NF-�B
activation. Finally, TRAF2 also was
found to contribute to NF-�B sig-
naling by API2�MALT1.
Both BCL10 and MALT1 have

crucial roles in the antigen receptor
signaling pathway leading to NF-�B
activation (6–8). A role for BCL10
was also suggested inAPI2�MALT1-
mediatedNF-�B activation, as over-
expression studies demonstrated an
interaction between BCL10 and the
fusion variants A7M3 or A7M8 via
the Ig domains of MALT1 or the
first BIR domain of API2, respec-
tively (18, 22). However, we were
unable to confirm the interaction
between all tested API2�MALT1
variants and endogenous BCL10,
conform the results that Hosokawa
et al. (27) obtained with an A7M5
construct. A MALT1 construct
lacking theDD, or theDD alone, did
not interact with endogenous
BCL10 in contrast to full-length
MALT1 (Fig. 1,D andE), which sug-
gests that the DD cooperates with
the Ig domains of MALT1 for this
interaction, possibly via an effect on
its conformation. Our further ob-
servation that knockdown of BCL10
did not affect API2�MALT1-medi-
ated NF-�B signaling therefore
argues against its involvement in

this process. This is further supported by the finding that the
A7M5 variant activates NF-�B to the same degree in wild-type
and Bcl10-deficient MEFs (7). In contrast, Hu et al. (22)
reported that BCL10 knockdown silenced A7M8 signal propa-
gation to NF-�B in HeLa cells. Whether this discrepancy
reflects the different cell types used needs to be determined.
Constitutive NF-�B activation by the API2�MALT1 fusion

protein was shown to be linked to enhanced polyubiquitination
of IKK� as well in cell lines (19) and in MALT lymphomas (19)
and splenic lymphocytes of transgenic mice (20). The presence
of two potential TRAF6 binding sites in theMALT1C terminus
hinted at a deregulation of the ubiquitin ligase activity of
TRAF6, although thus far its interaction withMALT1was con-
firmed only by overexpression studies. Here we show that the
A7M8 fusion variant that lacks the Ig domains ofMALT1 binds

FIGURE 4. Role for lipid raft association in API2�MALT1-mediated NF-�B activation. A, features of the
API2�MALT1 fusion protein plus the domain/TRAF6 binding site content (solid bars) of the A7M8/5/3 fusion
variants and their BIR1-deletion constructs. Deletions are depicted by dotted lines. B, BIR1 mediates lipid raft
association of A7M3. HEK-293T cells transiently transfected with A7M3, A7M3-�B1, or A7M3-ER-AA were lysed,
subjected to sucrose density gradient centrifugation, and immunoblotted with �-FLAG and �-Lyn. C, different
contribution of the TRAF1/2 binding site and BIR1 of API2 to NF-�B activation by A7M8/5/3. Top, NF-�B-de-
pendent luciferase reporter assays (see“Experimental Procedures”) of HEK-293T cells transiently expressing the
indicated constructs. Western blot analysis (�-FLAG) showed comparable levels of expression. NF-�B-depend-
ent luciferase activity is shown as -fold induction of vector-transfected cells and represents the mean � S.D. of
at least three independent experiments. Bottom, protein complexes precipitated with the respective bio-
tagged constructs were visualized with �-FLAG, �-TRAF6, �-TRAF2, and �-BCL10.
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TRAF6 solely via its C-terminal TRAF6 binding site T6-C2
(PVETTD), which explains the dominant negative effect of the
E806A mutation on its NF-�B signaling potential (20). In con-
trast, fusion variants A7M5 and A7M3, which contain one or
both Ig domains, respectively, recruit TRAF6 via an additional
binding site (T6-Ig) just downstreamof the second Ig domain of
MALT1. Both TRAF6 binding sites contribute to A7M3- and
A7M5-mediated signaling toNF-�B, asmutation of both sites is
required to abolishNF-�B activation. Simultaneous occupation
of the two TRAF6 binding sites might therefore cause the
increased signaling potential associated with these variants.
However, this seems to contradict a recent report showing that
TRAF6 knockdown does not affect the ability of A7M5 to acti-
vate NF-�B (19), which could be because of a partial knock-
down of TRAF6 in these experiments. Indeed, lack of TRAF6
function abolishes NF-�B activation by the API2�MALT1
fusions (Fig. 2E).

Polyubiquitination of IKK�byTRAF6 requires in addition an
E2 ubiquitin-conjugating enzyme, and an essential role for
UBC13 was hypothesized, as deletion of the Ig-like domain in
the MALT1 C terminus of A7M5 abolished both the interac-
tion with overexpressed UBC13 andNF-�B activation (19).We
could not confirm an interaction between API2�MALT1 and
endogenous UBC13; however, we noticed that a similar dele-

tion in A7M3 completely abolished TRAF6 binding and NF-�B
activation, possibly because of folding artifacts. The direct
interaction between TRAF6 and UBC13 (28) suggests an inter-
action of UBC13 with MALT1 via TRAF6 rather than a direct
binding to its Ig-like domain, further strengthening the essen-
tial role of TRAF6 for NF-�B activation by all fusion variants.
Our binding studies revealed preformed BCL10�MALT1�

TRAF6 complexes in unstimulated HEK-293T and Jurkat cells,
which was also suggested previously via colocalization studies
(21). Recruitment and clustering of these complexes at the
membrane rafts upon T-cell receptor triggering or their con-
centration in so-called POLKADOTS is thought to represent
an essential step in T-cell receptor signaling propagation to
NF-�B (10, 12–14, 21). This could not only facilitate the inter-
action with downstream effectors as the IKK complex, but it
could also oligomerize TRAF6 and evoke its ubiquitin ligase
activity resulting in polyubiquitination of IKK� andNF-�Bacti-
vation. Simply targeting the TRAF6 binding site of the C termi-
nus of MALT1 to the lipid rafts is indeed sufficient to trigger
IKK� polyubiquitination (20). Similarly, recruitment of
MALT1 to the lipid rafts inHEK-293Tcells upon co-expression
of BCL10 is linked to its potential to activateNF-�BwithBCL10
synergistically. As the synergism also requires functional
TRAF6 binding, this further strengthens the link between raft
association of MALT1 and TRAF6 oligomerization.
Permanent raft association of the API2�MALT1 fusion was

observed in splenic lymphocytes of A7M8 transgenic mice
(20) and in A7M5-expressing BJAB-cells (29), coinciding
with increased IKK� polyubiquitination and NF-�B activa-
tion, respectively. We hypothesized that raft association of
the A7M8�TRAF6 complex in this way could shortcut anti-
gen receptor signaling (20). However, deletion of BIR1,
which prevented raft recruitment of the fusion protein (20),
abolished not only NF-�B signaling (20) but also TRAF6
binding to A7M8, thereby jeopardizing our hypothesis.
Reduced NF-�B signaling by A7M8 after disruption of rafts
via cholesterol depletion then again argues for a role of rafts
in NF-�B signaling (20). This role was further confirmed by
the BIR1 deletion constructs of A7M5 and A7M3 that also
prevented their raft association. Failure to localize to the
rafts blocked NF-�B activation by A7M5 without affecting
the interaction with TRAF6. The residual NF-�B activity for
the BIR1 deletion construct for A7M3 could be assigned to
an intramolecular TRAF6 activation event, based on the
necessity of two functional TRAF6 binding sites for NF-�B
activation. The failure of the BIR1 deletion construct of
A7M5 to activate NF-�B (even though it harbors two func-
tional TRAF6 binding sites) therefore reflects either a con-
formational constraint or a role for the first Ig domain of
MALT1 herein.
Because our data indicate that rafts play an important role

in NF-�B activation by all fusion variants, the reduced sig-
naling potential of A7M5/3 mutated for the TRAF1/2 bind-
ing site could result from reduced raft association mediated
by TRAF1/2. Both adaptors bind to the cytosolic domain of
tumor necrosis factor receptor (TNFR) family members of
which some are reported to be associated with rafts without
receptor stimulation (30). However a complementary

FIGURE 5. Intramolecular TRAF6 activation by the A7M3 fusion variant.
A, features of the A7M3 fusion variant plus the domain/TRAF6 binding site
content (solid bars) of the different constructs. Mutated TRAF6 binding sites
are depicted by an open circle and deletions by dotted lines. The NF-�B acti-
vating potential of the constructs is indicated along the right side. B, NF-�B
activation by A7M3-�B1 requires binding of two TRAF6 molecules. NF-�B
reporter assay of HEK-293T cells transfected with the indicated constructs.
The expression levels were determined in cell lysates by immunoblotting
with �-FLAG. NF-�B -dependent luciferase activity is shown as -fold induction
of vector-transfected cells and represents the mean � S.D. of at least three
independent experiments. C, protein complexes precipitated with the indi-
cated bio-tagged constructs detected with �-FLAG, �-TRAF6, and �-BCL10.
Bio-IP, bio-immunoprecipitation.
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TRAF2-independent mechanism of raft recruitment, medi-
ated via BIR1, must also be present, as the ER-AA constructs
could still be found in the rafts in contrast to the BIR1 dele-
tion constructs. This further explains why the BIR1 deletion
reduces NF-�B activation by A7M5/3 more efficiently than
the TRAF1/2 binding site mutation. Furthermore, BIR1 also
seems to be crucial for a more direct oligomerization of the
fusion protein, in contrast to the TRAF1/2 binding site,
which also has been implicated in NF-�B signaling by
API2�MALT1 (23).
In conclusion, our analysis unravels distinct mechanisms of

NF-�B activation by the API2�MALT1 fusion proteins that rely
on the domains contributed by the MALT1 protein (Fig. 6).
Inclusion of the second Ig domain of MALT1 in the fusion
protein intensifies NF-�B signal strength, as it delivers addi-
tional TRAF6 binding potential. Further enhancement of
NF-�B signaling is conveyed by the first Ig domain of MALT1
via an intramolecular TRAF6 activation event. Finally, the first
BIR domain of API2 underlies theNF-�B activating potential of

all fusion variants via its interaction with TRAF1/2 and a yet
unknownmechanism required for their recruitment to the lipid
raft membrane fractions. Purification of API2�MALT1 protein
complexes and the identification of new partner proteins for
this BIR domain will provide further insight into the mecha-
nisms by which API2�MALT1 signals to NF-�B.
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