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ABSTRACT: The regulated activation of NF-«B by antigen receptor signaling is required for normal B and T
lymphocyte activation during the adaptive immune response. Dysregulated NF-«B activation is associated
with several types of lymphoma, including diffuse large B cell lymphoma (DLBCL). During normal antigen
receptor signaling, the multidomain scaffold protein CARD11 undergoes a transition from a closed, inactive
state to an open, active conformation that recruits several signaling proteins into a complex, leading to IKK
kinase activation. This transition is regulated by the CARD11 inhibitory domain (ID), which participates in
intramolecular interactions that prevent cofactor binding to CARDI11 prior to signaling, but which is
neutralized after receptor engagement by phosphorylation. Several oncogenic CARD11 mutations have been
identified in DLBCL that enhance activity and that are mostly found in the coiled-coil domain. However, the
mechanisms by which these mutations cause CARD11 hyperactivity and spontaneous NF-«B activation are
poorly understood. In this report, we provide several lines of evidence that oncogenic mutations F1231 and
L225L1 induce CARDI11 hyperactivity by disrupting autoinhibition by the CARD11 ID. These mutations
disrupt ID-mediated intramolecular interactions and ID-dependent inhibition and bypass the requirement for
ID phosphorylation during T cell receptor signaling. Intriguingly, these mutations selectively enhance the
apparent affinity of CARD11 for Bcl10, but not for other signaling proteins that are recruited to CARDI11 in
an ID-dependent manner during normal antigen receptor signaling. Our results establish a mechanism that
explains how DLBCL-associated mutations in CARDI11 can initiate spontaneous, receptor-independent

activation of NF-«B.

The activation of the NF-«B transcription factor by antigen
receptor signaling is critical for the proliferation and activation
of B and T lymphocytes in the adaptive immune response (/).
NF-«B regulates many genes responsible for lymphocyte function,
including cytokines, cell surface receptors, and pro-proliferative
and anti-apoptotic genes. Mice and humans with mutations that
prevent antigen-induced activation of NF-«xB fail to mount
productive immune responses (2).

Both T cell receptor (TCR)' and B cell receptor (BCR) signal-
ing pathways activate NF-«B through the IKK complex, which
is composed of two kinase subunits, IKKa and IKKf, and a
regulatory subunit, IKKy. The IKK complex phosphorylates
IkB proteins that bind and stably retain NF-«B in an inactive
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state in the cytoplasm. Once phosphorylated, I«B is ubiquitinated
and degraded by the 26S proteasome, allowing NF-«B to stably
translocate to the nucleus to regulate target genes.

The TCR and BCR signaling pathways share many common
components that function to activate the IKK complex in a
signal-inducible manner. A key scaffold molecule that is required
in both pathways is CARDI11 (CARMAI, BIMP3), a multi-
domain signaling scaffold composed of CARD, coiled-coil, PDZ,
SH3, and GUK domains (3—5). CARDI1 functions in these
pathways to translate upstream signaling from the BCR and
TCR complexes into the dynamic assembly of a protein complex,
the components of which function together to induce IKK
activity (Figure 1A). CARDI1 scaffold activity is inhibited in the
absence of receptor engagement by an inhibitory domain (ID)
that interacts with the CARD and coiled-coil domains to prevent
cofactor recruitment in the basal state (6). Antigen recognition
results in the inducible phosphorylation of the ID mediated
in part by PKCS in B cells and PKCO in T cells (7, §). This
phosphorylation neutralizes the inhibitory effect of the ID and
causes a conformational change in CARDI11 from an auto-
inhibited inactive scaffold to an active scaffold that allows cofactor
recruitment and subsequent signaling to occur (Figure 1A). In
this manner, the ID controls the inducible association of CARDI11
with Bell10, TAK 1, TRAF6, caspase-8, and IKKy during signal-
ing (6) (Figure 1A). Each of these protein cofactors requires the
CARD or coiled-coil domain, or both, for high-affinity associa-
tion with CARDI 1, the same domains targeted by the ID in the
inactive state (6). The association of these proteins with CARD11

©2010 American Chemical Society



Accelerated Publication

Biochemistry, Vol. 49, No. 38, 2010 8241

A Normal
Antigen-dependent Signaling

CARD | ", CARD.
— - AR
GUK_|LsisHa| L3 | Poz| . |Poz| L3 [sH3/La| Guk

D 1o,
Basal State
ID-mediated Autoinhibition
Antigen Receptor Engagement
ID Neutralization
Complex Assembly

IKK Activation

Complex
Disassembly

| poz|La [sha|La Guk

Return to Basal State

Hypothesis

CARD | . GARD
7 - {LUARL T r
GUK |L4/SH3 L3 | PDZ| i 3 PDZ| L3 |SH3|L4 GUK

[*}

]

se 80300
eve oo

Disrupt

DLBCL Mutations
ID-mediated Autoinhibition ‘

Constitutive
Complex Assembly
IKK Activation

FiGure 1: Conformational changes in CARDI11 during signaling. (A) Prior to TCR or BCR engagement, CARDI11 rests in an inactive, “closed”
conformation promoted by the interaction of the ID with the CARD and coiled-coil domains. Receptor engagement results in ID phos-
phorylation, which causes the ID to disengage from the CARD and coiled-coil domains, converting CARDI11 to an active, “open” conformation
and allowing the depicted signaling proteins to associate with CARDI11, leading to IKK activation. The signaling complex is rapidly disassembled
to return CARDI1 to the basal state. (B) Hypothesized action of oncogenic CARD11 mutations to spontaneously convert CARDI11 into the
“open” active conformation. The mutations are predicted to disrupt ID-mediated autoinhibition, thus allowing CARDI11 to associate with
signaling cofactors in a manner independent of receptor engagement and ID phosphorylation.

during signaling is highly dynamic; complex disassembly occurs
shortly after assembly to return CARDI1 to the basal inactive
state (6). The precise roles of CARD11-associated factors in IKK
kinase activation are incompletely defined, but there is evidence
that the process involves the K63-linked ubiquitination of IKKy
by MALT1 (9) or TRAF6 (10), the ubiquitination of Bell0 and
its subsequent binding to IKKy (77), the phosphorylation of
IKKp by TAK1 (10, 12), the TRAF6-mediated ubiquitination
of MALT1 (13), and the proteolytic action of caspase-8 on an
unknown substrate (/4).

Antigen receptor signaling to NF-«B is dysregulated in several
types of lymphoma, including DLBCL, the most common type of
non-Hodgkin’s lymphoma. DLBCL has been categorized into
three different subtypes based upon profiles of gene expression,
the activated B cell-like (ABC) subtype, the germinal center B
cell-like (GCB) subtype, and primary mediastinal B cell
lymphoma (15). A signature feature of the ABC subtype is
constitutive, antigen-independent activation of NF-«B, which is
required for the dysregulated proliferation of the lymphoma.
Inhibition of NF-«B activity in ABC DLBCL cell lines leads to
apoptotic death in culture. An RNAI screen designed to identify
molecules required for this dysregulated signaling and growth
independently identified CARDI11, Bcll0, and MALTI (76). In
addition, oncogenic CARDI11 mutations have recently been
reported in cell lines and patient samples of ABC DLBCL (17, 8).
These mutations enhance the signaling activity of CARDI1, and
RNAI of CARDII inhibits the growth of the cells harboring
the mutations. Most of the reported oncogenic mutations in

CARDI1 are found in the coiled-coil domain of CARD11, but
the precise mechanisms by which these mutations confer hyper-
active signaling have not been elucidated.

Based on our previous characterization of the role of the
ID in regulating CARDI11 activity during normal antigen recep-
tor signaling (6), we hypothesized that the oncogenic CARDI1
mutations found in DLBCL might initiate hyperactive CARD11
signaling activity by disrupting the association of the ID with the
coiled-coil domain of CARDI11 that normally keeps CARDI11
inactive in the basal state (Figure 1B). As a result, oncogenic
CARDI1 mutants would spontaneously convert into an active
signaling scaffold in a manner that is independent of antigen
receptor engagement and ID phosphorylation and recruit the
group of signaling proteins that are normally regulated in an
ID-dependent manner, leading to IKK activation. In this report,
we test several predictions of this hypothesis and provide mecha-
nistic insight into how oncogenic CARD11 mutations found in
DLBCL initiate unregulated CARDI 1-dependent signaling.

EXPERIMENTAL PROCEDURES

Expression Constructs. CARDI1 variants F1231, L225LI,
AID-F1231, AID-L225LI1, S564A, F1231 S564A, and 1.225LI
S564A were constructed in pcDNA3 by QuikChange muta-
genesis (Stratagene) using as substrates pcCARD11 and pcAID (6).
FLAG-tagged variants of F1231 and L225LI contain a FLAG
epitope at the C-terminus of murine CARDI11. Although these
constructs were made in the context of murine CARDI1, for
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Ficure 2: Effect of F1231and L225LI oncogenic mutations on CARDI11 specific signaling activity. (A—C) HEK293T cells were transfected with
6 ng of pCSK-LacZ and 20 ng of Igik,-IFN-LUC in the presence of the indicated amounts (in nanograms) of expression vectors for the indicated
myc-tagged CARDI11 variants. The panel below each titration displays Western blots of the corresponding lysates probed with anti-myc primary
antibody to indicate the relative expression level of each variant. 3-Galactosidase activity, driven by pCSK-LacZ, was used to normalize luciferase
activity and to calculate equivalent amounts of transfected cell lysate for Western analysis. (D) Relative specific activity of each variant,
normalized to that of wild-type CARD11, determined as described in Experimental Procedures.

simplicity, we have preserved the numbering scheme of Lenz
et al. (17); the murine residues that correspond to F123 and
L225 are actually F130 and L1232 (19). The ID-GST, GST,
FLAG-Bcl10, FLAG-TAK1, FLAG-IKKy, FLAG-caspase-8
C360S, and FLAG-TRAF6 expression constructs used in
Figures 3, 6, and 7 have been described previously (6). The
HA-MALTI expression construct was kindly provided by
P. Lucas. In the untagged Bcl10 construct, the C-terminal FLAG
epitope from FLAG-Bcl10 was replaced with the dipeptide LD.
The FLAG-Bcl10 and FLAG-Bcll0 K31R/K63R expression
constructs used in Figure 10 are FLAG-tagged at the N-terminus.
The FLAG-Bcl10 K31R/K63R vector was constructed by Quik-
Change mutagenesis (Stratagene).

Reporter Assays. HEK293T and Jurkat T cell lines were
maintained, and reporter assays were performed using Igx,-IFN-
LUC and pCSK-LacZ as described previously (6). To determine
the relative specific activity of CARDI1 variants, expression
vectors were titrated into transient transfection reporter assays in
HEK293T cells over the range of concentrations at which there
was a linear relationship between fold Igk,-IFN-LUC reporter
activation and protein concentration. Fold reporter activation
was assessed as described previously (/9), and protein concentra-
tion was determined by densitometric analysis of Western blots of
lysates performed under subsaturating exposure conditions using

ImagelJ. Relative specific activity was determined by taking the
fold reporter activation elicited by a CARDI 1 variant at the same
protein concentration at which wild-type CARDI1 1 elicited 2-fold
activation and dividing by 2. The shCARD11-2 Jurkat T cell line
and KD-GFP and KD-Bcl10 HEK293T and Jurkat T cell lines
have been described previously (6).

Immunoprecipitations and Glutathione-Sepharose Pull
Downs. Immunoprecipitations were conducted as described
previously (6) except as follows. For Figure 5, cells were lysed
in 440 uL of lysis buffer, 8.5% was saved for analysis of the input,
and the rest was used for the immunoprecipitation. For Figures 6A
and 8, the cells were lysed in 500 uL of lysis buffer and precleared
twice for 30 min with 7 4L of Protein G Sepharose 4 Fast Flow
(GE Healthcare) at 4 °C with rotation. From the precleared
lysate, 5.7% was saved for the input and 350 uL was incubated
with either 1 ug of anti-FLAG (Sigma F7425; for Figure 6A) or
anti-HA (Santa Cruz sc-805-G; for Figure 8) for 1.5 hat 4 °C with
rotation followed by incubation with a 7 uL bed volume of
Protein G Sepharose previously blocked with 1% insulin (Sigma
19278). The resulting immunocomplex was washed and boiled as
described before being resolved on a 10% SDS—PAGE gel (6).
For the experiments depicted in Figures 6B and 7A—D, the
immunoprecipitations were completed as described above except
that the resulting immunocomplexes were eluted by two successive
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incubations in 30 L of elution buffer containing FLAG peptide
(Sigma F3290; 100 ug/mL) for 30 min with rotation at room
temperature. The two eluates were pooled, and 30 uL was used
for subsequent Western analysis. Gluthathione-Sepharose pull
downs were conducted as described above except that after the
preclearing steps, 350 uL of lysate was incubated with a 10 4L bed
volume of glutathione-Sepharose (GE Healthcare) for 2 h at 4 °C
with rotation. Samples were washed and analyzed as described
previously (6). Western blotting was completed using the follow-
ing antibodies: anti-GST (Santa Cruz, sc-459), anti-myc (Santa
Cruz, sc-40), anti-HA (Santa Cruz, sc7392), anti-Bcl10 (Santa
Cruz, sc-5273), and anti-FLAG (M2, Eastman Kodak 1B13026).

RESULTS

To test our hypothesis, we chose to characterize two of the
most active CARD11 oncogenic mutants, F1231 and L225LI (17).
The F1231 mutation is located in the L1 region of CARDI11 that
we have previously defined between the CARD and coiled-coil
domains (6). The L225LI mutation lies within the coiled-coil
domain.

To begin to address whether oncogenic CARD11 mutations
interfere with ID function, we quantitatively determined the
specific signaling activity of wild-type and mutant CARDI1
variants in the absence and presence of the ID. If an oncogenic
CARDI11 mutation confers hyperactivity by interfering with ID
function, then the effect of the mutation should be comparable to
that of deleting the ID. Furthermore, the mutation should have a
minimal effect in the absence of the ID.

We determined the relative specific activity of wild-type
CARDI11 and oncogenic mutants F123I and L225LI by titrating
the expression of these proteins in an NF-xB activation assay in
HEK293T cells that included the NF-kB reporter, Igi,-IFN-
LUC, and the CSK-LacZ normalization control vector. While
HEK293T cells do not express CARD11 endogenously, they do
express all of the factors that function downstream of CARDI11
that are required for CARD11-mediated NF-«B activation. Each
expression vector was titrated under subsaturating conditions,
and the signaling activity and levels of protein expression were
quantitatively determined as described in Experimental Proce-
dures. As shown in panels A and D of Figure 2, the F1231
mutation increased the specific activity of CARD11 by 12.6-fold
while the L225LI mutation increased the activity by 38.1-fold.
These effects are comparable to that achieved by the deletion of
the ID, which conferred a 27.2-fold increase in specific activity
(Figure 2B,D). The F123I and L225LI mutations had a much
smaller effect in the absence of the ID. The AID-F1231 variant
was only 1.9-fold more active than the AID, while AID-L225LI
was only 2.0-fold more active than the AID (Figure 2C,D). Since
the oncogenic mutations had a much larger effect in the presence
of the ID than in the absence of the ID, the results are consistent
with the hypothesis that these mutations interfere with the
autoinhibitory action of the ID.

We have previously demonstrated that the ID can inhibit the
AID when expressed in trans by associating in a CARD and
coiled-coil domain-dependent manner (6). We tested whether the
F1231 and L225LI oncogenic mutations, in the context of the
AID, would confer resistance to the ID inhibition in trans, as
predicted by our hypothesis. We titrated the expression of an
ID-GST fusion protein in the presence of either the AID, AID-F123I,
or AID-L225L1I in Jurkat T cells and determined that while the
AID could readily be inhibited by the ID in trans in a dose-dependent
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FiGuRre 3: F1231 and L225L1 oncogenic mutations confer resistance
to ID inhibition and impair ID binding in trans. (A) Jurkat T cells
were transfected with 200 ng of pCSK-LacZ and 1800 ng of Igk,-
IFN-LUC in the presence of expression vectors for the AID (100 ng),
AID-F1231I (200 ng), or AID-L225LI (150 ng) and the indicated
amounts (in nanograms) of expression vectors for GST (pEBG) or
ID-GST (pEBB-HA-ID-GST). Fold reporter activation was normal-
ized on a percent basis to that observed with each CARD11 variant in
the absence of ID-GST or GST. (B) HEK293T cells were transfected
with the following amounts (in nanograms) of expression vectors
for the AID (165—660 ng), AID-F123I (235—940 ng), AID-L225L1
(125—500 ng), ID-GST (380—420 ng), or GST (200 ng), and glutathione-
Sepharose pull downs were performed as described in Experimental
Procedures and analyzed by Western analysis with the indicated
primary antibodies. WB denotes Western blot, and o denotes anti.

manner, the AID-F1231 and AID-L225LI variants were not
inhibited by the ID in trans (Figure 3A).

To address the effects of these mutations on the association
of the ID with the AID, we coexpressed the ID-GST fusion
protein with either the AID, AID-F123I, or AID-L225LI in
HEK?293T cells and determined the effects of the mutations on
the ability of the ID-GST to bind the AID in a GST pull-down
assay. Both F123T and L225LI mutations reduced the association
of the AID with the ID (Figure 3B), consistent with the hypo-
thesis that these oncogenic mutations disrupt the intramolecular
interaction between the ID and the coiled-coil domain.

During antigen receptor signaling, the autoinhibitory effect of
the ID on CARDI1 scaffold activity is neutralized by the inducible
phosphorylation of ID residues, including S564, S577, and S657
(4, 7, 8). This phosphorylation is thought to cause the ID to
disengage from the CARD and coiled-coil domains, allowing the
recruitment of signaling proteins to CARDI1 into a complex that
activates the IKK complex. The mutation of either S564, S577, or
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FiGure 4: F1231 and L225LI oncogenic mutations bypass the need for ID neutralization in T cells. (A) Wild-type Jurkat T cells or Jurkat T cells
stably expressing the shCARD11-2 hairpin that targets human CARD11 were transfected with 200 ng of pCSK-LacZ, 1800 ng of Igk,-IFN-LUC,
and expression vectors for wild-type murine CARDI11 (150 ng), S564A (150 ng), AID (150 ng), F1231 (150 ng), F1231 S564A (150 ng), L225LI
(75 ng), or L225L1 S564A (75 ng). Cells were stimulated with anti-CD3/anti-CD28 cross-linking for 4.5 h as indicated. (B) HEK293T cells were
transfected with 200 ng of pCSK-LacZ, 1800 ng of Igk,-IFN-LUC, and expression vectors for wild-type murine CARDI11 (150 ng), S564A
(150 ng), AID (150 ng), F1231 (150 ng), F1231 S564A (150 ng), L225L1 (75 ng), or L225L1 S564A (75 ng). Lysates were probed by Western blot
using the anti-myc primary antibody to indicate the relative expression level of each variant. S-Galactosidase activity, driven by pCSK-LacZ,
was used to calculate equivalent amounts of transfected cell lysate for Western analysis. o denotes anti.

S657 to alanine prevents their phosphorylation and renders
CARDI1 activity uninducible by upstream signaling (7, §). A
prediction of our hypothesis that oncogenic CARD11 mutations
disrupt ID-mediated inhibition is that these oncogenic mutations
should bypass the effect of serine-to-alanine mutations that render
the ID resistant to phosphorylation-mediated neutralization. To
test this prediction, we assayed the activity of wild-type and
mutant CARDI11 variants in an RNAI rescue assay using Jurkat
T cells in which endogenous CARDI1 is knocked down by the
stable expression of an shRNA (sihCARDI11-2) that targets the
human CARDI1 mRNA. As shown in Figure 4A, the stable
knockdown of CARDI1 reduced the level of activation of NF-«B
by anti-CD3/anti-CD28 treatment by ~75%, as compared to a
control Jurkat T cell line, as previously described (6). This effect
could be rescued by the expression of wild-type murine CARDI11,
which is resistant to knockdown by this hairpin, but not by the
S564A mutant of murine CARDI11, which cannot support ID
neutralization. As predicted by our hypothesis, the effect of the
S564A mutation was completely bypassed by the effects of the
F123I and L225LI oncogenic mutations. When expressed in the
sihCARDI1-2 line, the F123I S564A double mutant displayed an
enhanced activity that was similar to that observed with the AID
and the F1231 single mutant, and this activity was not further
enhanced by anti-CD3/anti-CD28 cross-linking (Figure 4A). The
L225LI S564A double mutant also exhibited an activity indis-
tinguishable from that of the L225LI mutant and was also not
further enhanced by TCR engagement (Figure 4A). Importantly,
the S564A mutation did not affect protein expression levels in the
context of the wild type or F1231 or L225L1I variants (Figure 4B).
These results indicate that both FI123I and L225LI mutations
obviate the need for the TCR-induced PKC6-mediated ID
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FiGure 5: Effect of F1231 and L225LI oncogenic mutations on
CARDI11—CARDI11 association. HEK293T cells were transfected
with the indicated amounts (in nanograms) of the indicated FLAG-
and myc-tagged CARDI11 variants, and anti-FLAG immuno-
precipitations were performed and analyzed by Western blotting
using the indicated primary antibodies. IP denotes immunoprecipitate,
WB Western blot, and a anti.

phosphorylation and ID neutralization that is required for activa-
tion of wild-type CARDI11 during signaling. The data support the
hypothesis that the oncogenic mutations disrupt the inhibitory
intramolecular interaction mediated by the ID.

Since it has been suggested that oncogenic mutations result
in the aggregation of CARDI1 (17), we tested the effect of the
F123I and L225LI mutations on the ability of FLAG-CARDI1
to associate with myc-CARDI11 in an immunoprecipitation assay
in HEK293T cells under subsaturating conditions (Figure 5). The
F123I mutation had no apparent effect on the extent of CARDI 1
oligomerization, while the L225LI mutation displayed a modest
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FIGURE 6: F1231 and L225LI mutations enhance the apparent affinity of CARDI1 for Bcll0. (A) HEK293T cells were transfected with
expression vectors for wild-type CARDI11 (120 ng), F1231 (120 ng), L225L1 (120 ng), AID (200 ng), and FLAG-Bcl10 (100 ng), as indicated, and

anti-FLAG immunoprecipitations were performed as described in Expe

rimental Procedures and analyzed by Western blot analysis with the

indicated primary antibodies. (B) Anti-FLAG immunoprecipitations were performed as described for panel A using expression vectors for wild-
type CARDI11 (10—100 ng), F123I (15—150 ng), L225LI (10—100 ng), AID (10—100 ng), AID-F1231 (14—140 ng), AID-L225LI (7—70 ng), and
FLAG-Bcl10 (40—150 ng), as indicated. IP denotes immunoprecipitate, WB Western blot, and o anti.

but reproducible 3-fold increase in the level of apparent oligo-
merization. Since one mutation affected oligomerization while
the other did not, the data suggest that the enhancement of
CARDI1-CARDI1 association is not an obligate part of the
mechanism by which oncogenic mutations in CARDI11 increase
activity. However, it remains possible that the increased apparent
oligomerization of the L225LI variant may contribute to the
enhanced activity of that variant.

We have previously demonstrated that the ID controls the
recruitment of Bell0, TAK1, TRAF6, IKKy, and caspase-8 to
CARDI1 (6). The hyperactive AID variant can constitutively
associate with these proteins and behaves as a CARDI11 in which
the ID has been neutralized by upstream signaling. An important
prediction of the hypothesis that the oncogenic mutations interfere
with ID function is that these mutations should lead to an enhanced
ability of CARDI11 to recruit signaling proteins whose association is
regulated by the ID. Using an immunoprecipitation assay in
HEK293T cells, we first tested whether the F1231 or L225LI

mutation increased the apparent affinity of CARDI1 for Bcll0.
We expressed FLAG-Bcl10 with myc-tagged wild-type CARDI 1,
AID, the F123I mutant, or the L225LI mutant and assayed the
extent to which each CARDI11 variant co-immunoprecipitated with
Bcll0 in an anti-FLAG IP. As shown in Figure 6A, both the
F1231 and L225LI mutants exhibited an enhanced ability to
associate with Bcll0, indistinguishable from that of the AID
(Figure 6A, cf. lanes 1—4).

We then tested whether the F1231 or L225LI mutation
enhances the affinity for Bcll0 in the absence of the ID. Both
AID-F1231 and AID-L225LI variants did display a slightly
higher apparent affinity for Bcl10 in the co-immunoprecipitation
assay, as compared to the AID (Figure 6B, cf. lanes 13—24),
indicating that each mutation does modestly enhance Bcll0
association in an ID-independent manner. However, the effect
of these mutations was much larger in the presence of the ID
(Figure 6B, cf. lanes 1—12) than in the absence of the ID
(Figure 6B, cf. lanes 13—24). These data support the hypothesis
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FIGURE 7: ID-mediated prevention of binding of TRAF6, TAK 1, IKKYy, and caspase-8 is intact in the F123I and L225LI oncogenic mutants.
Anti-FLAG immunoprecipitations were performed as described in Experimental Procedures using the following expression vectors for each
panel, as indicated: (A) wild-type CARD11 (200—400 ng), F1231 (300—400 ng), L225LI (400 ng), AID (400 ng), FLAG-TRAF6 (350—450 ng),
and Bcl10 (150—600 ng); (B) wild-type CARD11 (50—600 ng), F1231 (280—600 ng), L225LI (300—600 ng), AID (500—850 ng), FLAG-TAK1
(100—200 ng), and Bcl10 (150—800 ng); (C) wild-type CARD11 (200—800 ng), F1231 (350—800 ng), L225L1 (400—800 ng), AID (400—800 ng),
FLAG-IKKYy (1 ug), and Bel10 (120—800 ng); and (D) wild-type CARD11 (200—400 ng), F1231 (350—400 ng), L225LI (400 ng), AID (400 ng),
FLAG-Caspase-8 C360S (1 ug), and Bcl10 (150—600 ng). IP denotes immunoprecipitate, WB Western blot, and a anti.

that the main effect of the mutations is to disrupt ID-mediated
intramolecular interactions to expose a surface on CARDI11 for
Bcl10 binding. The minimal effects in the absence of the ID
indicate that the mutations do not dramatically increase the
affinity of CARDI11 for Bcl10 at the CARD11—Bcl10 protein—
protein interface.

We next tested whether the F1231 or L225LI mutant displayed
an enhanced apparent affinity for other protein cofactors that we
have previously shown to associate with CARDI1 in an ID-
regulated manner. Surprisingly, and in contrast to the predictions
of our hypothesis, neither F1231 nor L225LI displayed enhanced
association with any of the other FLAG-tagged cofactors tested,
including TRAF6 (Figure 7A, cf. lanes 5—8), TAK (Figure 7B,
cf. lanes 5—8), IKKy (Figure 7C, cf. lanes 5—8), or caspase-8
(Figure 7D, cf. lanes 5—8). These results indicate that the
oncogenic mutations F123I and L225LI selectively disrupt 1D
function. While the mutations disrupt the ability of the ID to
prevent association of Bel10 with CARDI11, they do not appear
to affect the inhibitory action of the ID on the association of
other signaling proteins.

To test whether the binding of Bcl10 to the F1231 or L225L1
mutants could influence the recruitment of other cofactors, we
also coexpressed FLAG-tagged TRAF6, IKKYy, caspase-8, or

TAKI, with the F1231 and L225LI mutants in the presence of
overexpressed untagged Bcll0. Even in the presence of high
concentrations of Bcl10, none of these cofactors were recruited to
the F1231 or L225LI mutant at concentrations at which they
clearly associated with the AID (Figure 7A—D, cf. lanes 1—4).
The results confirm that ID-mediated inhibition of CARDI1
binding to TAK 1, TRAF®6, caspase-8, and IKKY is intact in the
F123I and L225LI oncogenic mutants, and that these mutants
have a selective, enhanced ability to recruit Bell0.

Since MALTTI is an obligate signaling cofactor that directly
associates with Bcl10 (20—22), we tested whether Bcll0 could
mediate the recruitment of MALTI to the F123I and L225LI
mutants. We coexpressed HA-tagged MALT1 with myc-tagged wild-
type CARDII, the AID, or the F123I or L225LI mutant in the
absence and presence of FLAG-tagged Bcl10 and conducted an anti-
HA co-immunoprecipitation assay (Figure 8). MALT1 did not
associate with any of the CARDI1 variants in the absence of over-
expressed Bcll0 (Figure 8, cf. lanes 5—8). In the presence of over-
expressed Bcll0, MALT! did not associate with wild-type CARDI 1
but did associate with the F123I and L225LI mutants to an extent
that was comparable to that observed with the AID (Figure 8, cf.
lanes 1—4). Thus, the Bel10 that is selectively recruited to the F1231
and L225LI mutants is competent to corecruit MALT].
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FiGure 8: Bcll10 bound to F1231 and L225LI mutants is competent
to recruit MALT1 to CARDII. Anti-HA immunoprecipitations
were performed as described in Experimental Procedures and ana-
lyzed by Western blotting with the indicated primary antibodies using
the following expression vectors as indicated: wild-type CARD11
(400—600 ng), F1231 (600 ng), L225LI (600 ng), AID (900 ng), HA-
MALT1 (500—800 ng), and FLAG-Bcl10 (300—500 ng). The asterisk
indicates protein G. IP denotes immunoprecipitate, WB Western
blot, and a anti.

T cell receptor signaling to the IKK complex has been shown
to require the ubiquitination of Bcl10 at lysines 31 and 63, which
facilitates the transient association of Bcll0 with IKKy during
IKK activation (/7). To test whether the F123I and L225LI
CARDI1 variants also depend on this modification of Bcll10,
we first assessed the NF-«B inducing activity of these mutants
in an HEK293T cell line, KD-Bel10, which stably expresses an
shRNA that targets the Bcl10 mRNA and results in ~90% Bel10
knockdown (6). We compared activities in the KD-Bcl10 line to
that observed in the KD-GFP HEK293T cell line, which stably
expresses an shRNA that targets GFP. As expected, Bell0
deficiency impaired the ability of both F1231 and L225LI
mutants to activate the Igx,-IFN-LUC reporter, indicating that
both variants require Bcll0 for signaling activity (Figure 9A).
Assessment of F1231 and L225LI activities in KD-GFP and
KD-Bcl10 Jurkat T cell lines revealed that Bel10 was also required
for the full activities of these oncogenic mutants in Jurkat T cells
(Figure 9B,C). We next compared wild-type Bcll0 with the
K31R/K63R double mutant for the potential to rescue signaling
in the KD-Bell0 HEK293T and Jurkat T cell lines. The Bel10
K31R/K63R mutant has previously been shown to be function-
ally deficient in TCR signaling (/7). At comparable levels of
expression, the K31R/K63R double mutant was less able than
wild-type Bcll0 to rescue signaling downstream of either the
F1231 or L225L1 CARDI1 variant in either HEK293T cells
(Figure 10A,B) or Jurkat T cells (Figure 10C). These data suggest
that both of these oncogenic mutants depend upon the same
ubiquitination of Bcll0 that occurs during physiological TCR
signaling.

DISCUSSION

The presence of CARD11 mutations that confer hyperactive
signaling accounts for the dysregulated activation of NF-«B in a
number of DLBCL cases, but the mechanism by which these
mutations initiate aberrant signaling has been largely undefined.
We present five pieces of evidence to support the hypothesis that
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Ficure 9: F123I and L225L1 oncogenic mutants require Bcll0 for
signaling to NF-«B. (A) HEK293T cells stably expressing either a
hairpin that targets human Bcll0 (KD-Bcll0) or a control hairpin
that targets GFP (KD-GFP) were transfected with 6 ng of pCSK-
LacZ and 20 ng of Igk,-IFN-LUC in the presence of the indicated
amounts (in nanograms) of expression vectors for the indicated myc-
tagged CARDI11 variants. The bottom panels display Western blots
of corresponding lysates probed with anti-myc and anti-Bcl10 primary
antibodies to indicate relative expression levels. f-Galactosidase
activity, driven by pCSK-LacZ, was used to normalize luciferase
activity and to calculate equivalent amounts of transfected cell
lysate for Western blot analysis. (B and C) Jurkat T cells stably
expressing either a hairpin that targets human Bel10 (KD-Bcl10) or
a control hairpin that targets GFP (KD-GFP) were transfected with
200 ng of pCSK-LacZ and 1500 ng of Igk,-IFN-LUC in the
presence of the indicated amounts (in nanograms) of expression
vectors for myc-tagged F1231 (B) or L225L1 (C) CARDI11 variants.

oncogenic CARDI11 mutations induce hyperactivity by disrupt-
ing the autoinhibition mediated by the ID that normally keeps
CARDI1 inactive in the absence of antigen receptor engagement
(Figure 11). First, the F1231 and L225LI mutations increase
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FiGure 10: Bell0 residues K31 and K63 are required for maximal signaling by F1231 and L225LI oncogenic mutants. (A) KD-GFP or KD-Bcl10
HEK?293T cell lines were transfected as described in the legend of Figure 9A with 2—8 ng of myc-F123I or 1—8 ng of myc-L225LI, and the
indicated amounts of expression vectors for either FLAG-Bcl10 or the FLAG-Bcl10 K31R/K63R double mutant. (B) The corresponding lysates
from panel A were analyzed by Western blotting and probed with anti-myc or anti-Bcl10 primary antibodies to indicate the relative expression
level. f-Galactosidase activity, driven by pCSK-LacZ, was used to normalize luciferase activity and to calculate equivalent amounts of transfected
cell lysate for Western analysis. (C) KD-GFP or KD-Bcll10 Jurkat T cell lines were transfected as described in the legend of Figure 9B with 200 ng
(for KD-GFP) or 800 ng (for KD-Bcl10) of myc-F1231 or 50 ng (for KD-GFP) or 200 ng (for KD-Bcl10) of myc-L225LI, and the indicated
amount (in nanograms) of either FLAG-Bcl10 or FLAG-Bcl10 K31R/K63R.
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Ficure 11: Model of the mechanism by which oncogenic mutations
initiate dysregulated signaling to NF-«B in diffuse large B cell lymphoma.

specific activity to an extent comparable to that achieved by
deletion of the ID and have a much greater effect in the presence
of the ID than in its absence. Second, the F123I and L225LI
mutations impede the binding of the ID to the AID in trans.
Third, in the context of the AID, these mutations confer
resistance to the inhibitory effect of the ID on NF-«B activation.
Fourth, in T cells, the mutations bypass the requirement for the
phosphorylation of serine 564 that normally serves to neutralize
ID inhibitory activity during signaling. Fifth, the mutations allow
the recruitment of Bcll0 to CARDI1, which is normally pre-
vented by the ID prior to antigen receptor engagement. Our
results provide a satisfying mechanistic explanation for how the
emergence of the F1231 and L225LI mutations in human
DLBCL tumors can lead to spontaneous, receptor-independent
activation of NF-«B, and the subsequent induction of NF-«B-
dependent targets that promote tumor growth and survival.
Surprisingly, the F123I and L225LI mutations selectively
affect Bel10 binding and do not promote the association of other
cofactors whose association with CARDI1 is regulated by the
ID, including TAK 1, TRAF6, IKKy, or caspase-8. In the context
of the F1231 and L225LI mutants, most intramolecular inter-
actions involving the ID must therefore be intact, and the mutations
likely disrupt only those ID-mediated interactions that prevent
spontaneous Bcll0 binding. Intriguingly, since the hyperactive
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F123I and L225LI mutants only appear capable of sponta-
neously recruiting Bcll0, the data suggest that the enhanced
selective recruitment of Bcl10 is sufficient to initiate signaling to
the IKK complex and NF-«B activation (Figure 11). Consistent
with this, we observed a clear correlation among the CARDI11
variants analyzed between their relative abilities to associate with
Bcll0 (Figure 6B) and their specific activities in the NF-«B
reporter assay (Figure 2). The F1231 and L225LI mutations each
enhanced reporter activity and Bcll0 association to an extent
similar to that resulting from deletion of the ID, and in the
context of the AID, each mutation had an only mild enhancing
effect on NF-«B activation and Bel10 binding.

How does spontaneous, selective Bcl10 recruitment to CARDI11
oncogenic mutants initiate signaling? Our data indicate that Bcl10
can recruit MALTI to each F123I and L225LI mutant, but not
TAKI1, TRAF6, caspase-8, or IKKy. This suggests that Bell0 or
the Bcll0—-MALT complex that is recruited to the oncogenic
variant is somehow “activated” in a manner that depends upon its
association with CARDI11, and that once activated, may dissociate
from CARDI1 and act upon other signaling proteins in a sub-
sequent step that leads to IKK activation. In this scenario, the
actions of the other signaling proteins in the pathway occur off
of CARDII, with the IKK complex likely activated when it is
not bound to CARDII. Alternatively, it is possible that Bcll0
corecruits a protein to CARDI11 that we have not examined, or that
is unknown, but that may bridge an interaction between the
Bcll0—MALT! complex and the examined cofactors in a
CARDI1-nucleated complex. We have so far not been able to
demonstrate stable association between either the F1231 or L225LI
mutant and endogenous Bcl10 during reporter activation (data not
shown), consistent with the notion that the induced Bell0—mutant
CARDI1 association is transient during oncogenic signaling. A
similar transient association occurs between wild-type CARDI11
and Bcll0 during physiological antigen receptor signaling
(Figure 1A), as receptor engagement triggers first the assembly
of a multiprotein complex on CARDI1 followed by its rapid
disassembly (6).

Since both F1231 and L225LI mutants optimally depend on
the K31 and K63 residues of Bcll0, it is highly likely that IKK
activation by the oncogenic mutants involves the ubiquitination
of these Bcll0 residues and the subsequent transient association
of ubiquitinated Bcl10 with IKKy, which has been demonstrated
to occur during TCR signaling. The E3 ligase responsible for
Bcl10 ubiquitination has not been identified, but since Bcll0
ubiquitination requires CARDI11 (11), it is likely that the recruit-
ment of Bcll0 to CARDI1 facilitates the action of this putative
ligase on Bcl10. Agents that target the Bcll0—CARDI 1 associa-
tion or Bcll0 ubiquitination may emerge as attractive therapeu-
tics for the treatment of DLBCL cases that display dysregulated
NF-«B activation as a result of oncogenic mutations that disrupt
the autoinhibitory action of the CARD11 ID.
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