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Several classes of signaling proteins contain autoinhibitory
domains that prevent unwarranted signaling and coordinate the
induction of activity in response to external cues. CARD11, a
scaffold protein critical for antigen receptor signaling to NF-kB,
undergoes autoregulation by a poorly understood inhibitory
domain (ID), which keeps CARDI11 inactive in the absence of
receptor triggering through inhibitory intramolecular interac-
tions. This autoinhibitory strategy makes CARD11 highly sus-
ceptible to gain-of-function mutations that are frequently
observed in diffuse large B cell lymphoma (DLBCL) and that
disrupt ID-mediated autoinhibition, leading to constitutive
NEF-kB activity, which can promote lymphoma proliferation.
Although DLBCL-associated CARD11 mutations in the caspase
recruitment domain (CARD), LATCH domain, and coiled coil
have been shown to disrupt intramolecular ID binding, surpris-
ingly, no gain-of-function mutations in the ID itself have been
reported and validated. In this study, we solve this paradox and
report that the CARD11 ID contains an unusual array of four
repressive elements that function cooperatively with redun-
dancy to prevent spontaneous NF-kB activation. Our quantita-
tive analysis suggests that potent oncogenic CARD11 mutations
must perturb autoinhibition by at least three repressive ele-
ments. Our results explain the lack of ID mutations in DLBCL
and reveal an unusual autoinhibitory domain structure and
strategy for preventing unwarranted scaffold signaling to
NEF-kB.

Many signaling pathways that control cell proliferation and
differentiation have evolved inhibitory checkpoints that pre-
vent uncontrolled signaling. Checkpoints can involve inhibi-
tory proteins that provide negative feedback once signaling
begins or that actively suppress signaling prior to receptor
engagement. For several pathways, checkpoint function is
achieved by an autoinhibitory domain, which governs the activ-
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ity of the key pathway component in which it is found. Such
autoinhibitory domains have been described for several classes
of signaling proteins, including tyrosine (1, 2) and serine/thre-
onine kinases (3-5), guanine nucleotide exchange factors (6),
phospholipases (7, 8), and E3 ubiquitin ligases (9—11), among
others (12, 13). Although an autoinhibitory domain can provide
robust, concentration-independent regulation in cis, the pres-
ence of an autoinhibitory domain in a signaling protein can
make it especially susceptible to mutations that disrupt autoin-
hibition and lead to constitutive signaling and potentially path-
ological cell behavior. A mechanistic understanding of autoin-
hibitory domain function is thus critical for understanding how
the output of signaling pathways is determined and how the
dysregulation of autoinhibition by mutation can promote onco-
genic transformation.

CARD11 is a multidomain signaling scaffold whose activity is
regulated by an autoinhibitory domain that is incompletely
understood. CARD11 is required for antigen receptor signaling
to the NF-«B transcription factor (14-22), a critical pathway
for normal antigen-dependent lymphocyte activation in the
adaptive immune response (23, 24). During signaling, CARD11
undergoes a transition from a closed inactive state to an open
active scaffold that recruits several signaling cofactors into a
complex to induce IKK kinase activity. This transition is con-
trolled by an inhibitory domain (ID),> which in the absence of
receptor engagement participates in intramolecular interac-
tions involving the caspase recruitment domain (CARD) and
coiled-coil domains (25). Upon receptor triggering, the ID is
phosphorylated on several serine residues (26-30), which
somehow neutralizes the autoinhibitory activity of the ID and
allows CARDI11 to recruit several obligate pathway compo-
nents, including Bcl10, MALT1, TRAF6, TAK1, caspase-8, and
IKKy, all of which require the CARD domain, coiled-coil
domain, or both for CARD11 association (25).

CARD11 is frequently mutated in the activated B cell-like
subtype of diffuse large B cell lymphoma (DLBCL), the most
common form of non-Hodgkin lymphoma (31). The activated
B cell-like DLBCL subtype is associated with the worst DLBCL
prognosis and is characterized by constitutive, dysregulated
activation of NF-«B, which is required for growth and prolifer-
ation of the lymphoma (32). DLBCL-associated CARD11 muta-

2 The abbreviations used are: ID, inhibitory domain; DLBCL, diffuse large B cell
lymphoma; RE, repressive element; TCR, T cell receptor; NT, non-target; AE,
activating element; CARD, caspase recruitment domain; IKK, 1B kinase.
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FIGURE 1.CARD11 ID contains more than one redundant repressive element. A, schematic of the constructs assayed. B, Jurkat T cells in which CARD11 was
stably knocked down (KD-CARD11) or control cells expressing a control shRNA (NT) were transfected with CSK-LacZ and Igk,-IFN-LUC in the presence of
expression vectors for the indicated Myc-tagged CARD11 variants and stimulated with anti-CD3/anti-CD28 cross-linking for 5 h as indicated. A two-tailed
unpaired Student's t test with unequal variance resulted in p values >0.05 for the values obtained under unstimulated conditions with the following constructs
as compared with that observed with wild-type CARD11: A441-488, A483-535, A530-573,A568-616,and A649-671. C, HEK293T cells were transfected with
the same amounts of each expression vector used in B, and lysates were probed by Western blot (WB) using anti-Myc primary antibody to indicate the relative
expression level of each variant. B-Galactosidase activity, driven by CSK-LacZ, was used to calculate equivalent amounts of lysate for Western analysis. D,
KD-CARD11 Jurkat T cell transfections in Bwere scaled up 9-fold, and each Myc-tagged CARD11 variant was immunoprecipitated (/P) by anti-Myc antibody and
assayed by Western blot using anti-CARD11 antibody as described under “Experimental Procedures.” B-Galactosidase activity, driven by CSK-LacZ, was used to
calculate equivalent amounts of lysate for Western analysis.

tions are gain-of-function mutations that confer hyperactive
signaling to NF-«B in the absence of antigen receptor trigger-
ing. Oncogenic CARD11 mutations were first reported in the
coiled-coil domain (33), and two of the initially described muta-
tions were found to cause hyperactivity by impairing autoinhi-
bition by the ID (34). The mutations partially disrupted intra-
molecular binding by the ID and selectively enhanced the
recruitment of Bcl10 to CARD11, but not that of other signaling
cofactors, leading to Bcll0-dependent signaling to the IKK
complex (34). A high-throughput signaling screen subse-
quently identified CARD11 gain-of-function mutations outside
of the coiled coil, in the CARD and LATCH domains of
SASBMB
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CARDI11 (35), which were also found to disrupt intramolecular
interactions with the ID, selectively stimulate Bcl10 binding to
CARD11, and spontaneously induce NF-«B activity (35). Gain-
of-function mutations in the CARD and LATCH domains have
also been reported in patient DLBCL biopsies, including several
of the mutations identified in the high-throughput screen
(36 —40).

Although DLBCL-associated mutations in the CARD,
LATCH, and coiled-coil domains appear to dysregulate
CARDI11 signaling by the common mechanism of interfering
with ID-promoted autoinhibition, to our knowledge no muta-
tions in the ID itself have been reported and validated in
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FIGURE 2. Schematic of the elements identified in the ID in this study and their associated mutations. Top, CARD11 domain structure is depicted with the
relative location of repressive and activating elements in the ID. The LATCH domain lies between the CARD and the coiled coil, L3 between PDZ and Src
homology 3, and L4 between Src homology 3 and GUK. Bottom, amino acid sequence of the ID is depicted. Repressive and activating elements are indicated

in red and green, respectively. Mutations used in the study are indicated in blue.

DLBCL. The lack of oncogenic CARD11 mutations in the ID is
surprising because this domain should be the most obvious tar-
get for mutations that perturb autoinhibition. In this report, we
resolve this apparent inconsistency and explain why the
CARD11 ID is resistant to gain-of function mutations. We find
that instead of functioning as a single autoinhibitory domain,
the CARDI11 ID is composed of an unusual array of repressive
elements that function cooperatively with redundancy to keep
CARD11 inactive prior to antigen receptor engagement.

Experimental Procedures

Cell Lines and Expression Constructs—HEK293T and human
Jurkat T cell lines were cultured as described previously (25).
pc-CARD11, which expresses murine CARD11 with an N-ter-
minal Myc tag, and CARD11AID have been described (25).
Other CARDI11 deletion constructs were cloned by standard
molecular biology techniques and were sequence-verified.
Constructs A441-573 M9, A441-535 M9, and A441-488 M9
in Fig. 5, Band C, and A441-599 M9 in Fig. 5, D and E, contain
a substitution of residues 611-616 to DKTGRD to facilitate
cloning. RE mutations were introduced into pc-CARD11 by
PCR or QuikChange site-directed mutagenesis (Stratagene).

HEK293T Protein Expression Assay—Cells were plated at 5 X
10° cells in 2 ml of media into each well of a 6-well plate 22.5-26
h prior to transfection. Cells were transfected with 200 ng of
pCSK-LacZ, 1500 ng of Igk,-IFN-LUC, and 65-610 ng of
expression construct for each Myc-tagged CARD11 variant. In
each experiment, samples were supplemented with empty
pcDNA3 vector to keep the total amount of DNA per transfec-
tion constant at 3 ug. The media were changed 22-24 h post-
transfection and harvested 39—-42 h post-transfection. Cells
were incubated with 500 ul of lysis buffer (Promega) on ice for
at least 10 min and scraped from the plate, and cell debris was
cleared by centrifugation at 17,970 X g for 5 min at 4 °C. Three
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microliters of lysate were used to measure B-galactosidase
activity in a chemiluminescent B-gal reporter gene assay
(Roche Applied Science) according to the manufacturer’s
instructions. Chemiluminescence was measured by a lumi-
nometer (Berthold Technologies TriStar LB 941 Multimode
Microplate Reader) integrating for 10 s after a 2-s delay. 3-Ga-
lactosidase activity was used to normalize lysates for transfec-
tion efficiency and recovery. Normalized lysates were resolved
onan 8% SDS-polyacrylamide gel, transferred to polyvinylidene
difluoride membrane, and analyzed by Western blot with anti-
Myc (sc-40; Santa Cruz Biotechnology) antibodies to determine
relative expression and standardize the nanogram amounts of
expression vector required to achieve comparable amounts of
all CARD11 variants in each experiment.

Determination of CARD11 Activity in Jurkat T Cells—The
production of stable CARD11 knockdown Jurkat T cells (KD-
CARD11) and control cells expressing the shNT non-target
hairpin (NT) were performed as described previously (35). NT
and KD-CARD11 Jurkat cells were transiently transfected with
200 ng of pCSK-LacZ, 1500 ng of Igk,-IFN-LUC, and 65-610
ng of each pc-CARD11 variant, stimulated with anti-CD3/anti-
CD28 as indicated, and harvested as described previously (25,
41). Fold activation was calculated for each sample by dividing
the background-corrected luciferase activity, normalized to
background-corrected B-gal activity, by that observed in the
sample containing only empty expression vector in the absence
of stimulation. All results shown are the average (+S.D.) of
triplicate samples from a single experiment, representative of
two or three that were performed.

Jurkat T Cell Protein Expression Assay—Reporter assays of
KD-CARD11 Jurkat T cells were scaled up by a factor of 9. For
each sample, 2.7% of cells were harvested in 36 ul of Promega
Lysis Buffer for determination of relative transfection efficiency
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FIGURE 3. Identification of RE1. A, schematic of the constructs assayed. Band C, Jurkat T cells in which CARD11 was stably knocked down were transfected with
CSK-LacZ and Igk,-IFN-LUC in the presence of expression vectors for the indicated Myc-tagged CARD11 variants and stimulated with anti-CD3/anti-CD28
cross-linking for 5 h as indicated. B, two-tailed unpaired Student’s t test with unequal variance resulted in p values <0.008 for the values obtained under
unstimulated conditions with the following constructs as compared with that observed with CARD11 AID: A483-671, A530-671,A568-671,A611-671,and
A649-671. C, same test resulted in a p value <0.02 for the values obtained under unstimulated conditions with A494-671 as compared with that observed
with CARD11 AID, and p values <0.006 for the comparison between A494-671 and either A494-671 M1 or A494-671 M2. D and E, HEK293T cells were
transfected with the same amounts of each expression vector used in Band C, and lysates were probed by Western blot using anti-Myc primary antibody to
indicate the relative expression level of each variant. B-Galactosidase activity, driven by CSK-LacZ, was used to calculate equivalent amounts of lysate for
Western analysis.
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by B-gal reporter gene assay (Roche Applied Science), whereas
97.3% of cells were harvested in 1314 ul of IP Lysis Buffer (25).
The amounts normalized to transfection efficiency were pre-
cleared with a 10-ul bed volume of protein G-Sepharose for 30
min at 4 °C with rotation. 2 ug of anti-Myc antibody (sc-40;
Santa Cruz Biotechnology) was added to cleared lysates and
incubated overnight at 4 °C, with rotation. 10 ul of beads that
had been blocked with insulin were added, incubated for 2 h at
4 °C with rotation, washed four times for 5 min with IP Lysis
Buffer, and then boiled in the presence of SDS loading buffer.
Eluates were resolved on SDS-PAGE for Western blotting with
anti-CARD11 primary antibody (ProSci 3189).

Results

Identification of Repressive Elements (REs) and Activating
Elements (AEs) in the CARD11 ID—The CARDI11 ID, which
resides between the coiled-coil and PDZ domains (Fig. 1), is pre-
dicted to have little or no secondary structure (42—45) and instead
consist of an intrinsically unstructured 231-residue region (46).
Several studies have demonstrated that the deletion of the ID
results in constitutive robust CARDI11 signaling in the basal
unstimulated state, comparable with that achieved by the wild-
type protein upon antigen receptor engagement (25, 27, 47). This
constitutive activity upon ID deletion results from the removal of
autoinhibition and indicates that the ID does not contribute to the
folding or function of CARD11 domains outside of the ID.

To identify regions of the CARD11 ID that are prone to gain-
of-function mutations, we generated six deletion constructs
that span the ID (Fig. 1A) and assayed them for derepressed
constitutive signaling to NF-«B, which would be manifested by
enhanced signaling, as compared to wild-type CARDL11, in the
absence of antigen receptor triggering. These constructs were
assayed in a previously established RNAi-rescue assay (25, 34,
35) in which Jurkat T cells with stable CARD11 knockdown are
transfected with murine CARD11 variants and assayed for anti-
CD3/anti-CD28-mediated activation of Igk,-IFN-LUC, an
NF-«kB-responsive luciferase reporter. We have previously
shown using a panel of CARD11 variants with a range of activ-
ities that the induction of Igk,-IFN-LUC reporter in Jurkat T
cells quantitatively correlates with the induction of nuclear
NF-«kB DNA binding activity (35). The RNAi-rescue assay was
employed to specifically avoid the overexpression of CARD11
variants and any associated artifacts. Because of the low levels of
CARD11 variant expression under the transfection conditions
of this assay, HEK293T cells were used to assess the relative
protein expression of CARDI11 variants using the same
amounts of expression vectors as those used to transfect Jurkat
T cells, an approach that has been previously validated (25,
34, 35).

As reported previously, CARD11 knockdown resulted in
defective NF-kB induction by TCR cross-linking, which was
rescued with expression of a wild-type hairpin-resistant
CARD11 cDNA (Fig. 1B). As expected, rescue with CARD11
AID, which lacks the entire ID, led to constitutive signaling in
the absence of TCR triggering (Fig. 1B). Thus, as reported
previously, the RNAi-rescue assay preserves two essential
features of CARD11 behavior in the antigen receptor signal-
ing pathway, a lack of signaling in the absence of TCR trig-
gering due to the autoinhibitory role of the ID, and robust
inducible signaling once the TCR is triggered with anti-CD3/
anti-CD28 cross-linking.

Surprisingly, none of the six ID deletions we assayed resulted
in constitutive NF-kB activation in the absence of anti-CD3/
anti-CD28 treatment, even though the panel of deletions covers
the entire ID (Fig. 1B). These results suggested that the ID must
harbor two or more redundant REs, such that when one is
deleted another is sufficient for autoinhibition of CARD11 sig-
naling activity prior to antigen receptor triggering.

To further validate the use of HEK293T cells to assess the
relative level of CARD11 variant expression elicited by expres-
sion constructs in Jurkat T cells, we scaled up the transient
transfection in Fig. 1B in Jurkat T cells by 9-fold and assayed
CARD11 variant expression level by Western blotting anti-Myc
immunoprecipitates with anti-CARD11 antibody. As shown in
Fig. 1, C and D, the same relative quantities of expression vec-
tors yielded the same relative protein variant expression levels
in Jurkat T cells (Fig. 1D) as in HEK293T cells (Fig. 1C), thus
validating the use of HEK293T cells to assess the amount of
CARD11 protein expression produced from a given amount of
expression vector.

The deletion of regions 530 —573 and 568 — 616 within the ID
resulted in a lack of TCR-induced CARD11-dependent signal-
ing to NF-«B (Fig. 1, A and B). This was not surprising because
these deletions remove serines 564, 567, and 577, which are
known to be required for antigen receptor-induced derepres-
sion of CARD11 signaling activity via their signal-dependent
phosphorylation (26, 27, 29, 30).

To map the redundant REs in the CARD11 ID, we added back
portions of the ID to the AID and used the RNAi-rescue assay to
assess basal repression of CARD11 activity. Fig. 2 presents a
schematic summary of the elements we discovered using this
approach. In addition to mapping REs in this manner, we also
used mutagenesis to destroy inhibitory RE activity while pre-
serving the relative spacing of N- and C-terminal domains in
the respective mutant and parental CARD11 constructs. For
mutagenesis, we sought to change the chemical character of
each targeted amino acid side chain without any desire to pre-

FIGURE 4. Identification of RE4 and AE2. A, schematic of the constructs assayed. B, D, and E, Jurkat T cells in which CARD11 was stably knocked down were
transfected with CSK-LacZ and Igk,-IFN-LUC in the presence of expression vectors for the indicated Myc-tagged CARD11 variants and stimulated with
anti-CD3/anti-CD28 cross-linking for 5 h as indicated. B, two-tailed unpaired Student’s t test with unequal variance resulted in p values <0.004 for the values
obtained under unstimulated conditions with the following constructs as compared with that observed with CARD11 A441-654: AID, A441-488, A441-535,
A441-573, and A441-616. D, same test resulted in p values <0.05 for the values obtained under unstimulated conditions with the following constructs as
compared with that observed with A441-616: A441-616 M3, A441-616 M4, and A441-616 M5. E, same test resulted in p values <0.015 for the values
obtained under unstimulated conditions with the following constructs as compared with that observed with A441-616: A441-616 M7, A441-616 M8,
A441-616 M9, and A441-616 M10. C and F, HEK293T cells were transfected with the same amounts of each expression vector used in B, D, and E, and lysates
were probed by Western blot (WB) using anti-Myc primary antibody to indicate the relative expression level of each variant. B-Galactosidase activity, driven by
CSK-LacZ, was used to calculate equivalent amounts of lysate for Western analysis.
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upon the ability of this region to reduce the level of activity of
the AID under basal conditions in the absence of TCR cross-
linking. The repressive element in this region was mapped
more finely to the Asp-441 to Tyr-493 region and named REL.
The addition of RE1 to the AID was sufficient to confer autoin-
hibition in the basal state, as indicated by the comparison of
activities between the AID and the A494 - 671 construct in the
absence of anti-CD3/anti-CD28 treatment (Fig. 3, A, C, and E).
We also defined two mutations within RE1 that disrupted its
repressive activity, M1 and M2, each of which mutate residues
at the C-terminal end of RE1 (Fig. 3, 4, C, and E).

The successive addition of regions extending from the C-ter-
minal end of the ID surprisingly identified a region between
residues 655 and 671 that enhanced the specific activity of the
AID by 5.7-fold; we refer to this region as activating element 2
(AE2) (Fig. 4, A—C). Further addition of the 617—654 region
resulted in complete repression of CARDI11 signaling in the
basal state, as indicated by the dramatic difference in activities
between the A441-654 and A441-616 constructs in the
absence of TCR cross-linking (Fig. 4, A—C). We further mapped
the RE in this region to span Gly-617 to Val-641 and named it
RE4 (Fig. 2, 4, B and C). We used the construct containing RE4
and AE2 elements (A441-616) to identify several RE4 muta-
tions that could deleteriously affect RE4 repressive activity (Fig.
4, A and D-F), including the M9 mutation toward the C-termi-
nal end of RE4.

Next, we used the construct containing AE2 and M9-mu-
tated RE4 (A441-616 M9) to look for other redundant REs that
may lie N-terminal to RE4 (Fig. 54). We found that residues
574-610 could confer autoinhibition when added to the A441—
616 M9 construct (Fig. 5, B and C, ¢f A441-616 M9 to Ad41-
573 M9). We further mapped two REs within this region, RE2,
which spans Ala-586 to Cys-599 (Fig. 2,5, A, D, and E), and RE3,
which spans Gly-600 to Asn-610 (Figs. 2 and 5, A, D, and E).
Either RE2 or RE3 was sufficient to repress activity of the A441—
616 M9 construct, as indicated by the low activity of the A441—
573 M9 A600 - 616 construct and the A441-599 M9 construct
in the absence of anti-CD3/anti-CD28 treatment (Fig. 5, D and
E). The simultaneous mutation of RE2 and RE3 was required to
reverse the inhibitory effect of the 574 —610 region, consistent
with the presence of two redundant REs in this small portion of
the ID (Fig. 5, A, D, and E, ¢f A441-573 M9, A441-573 M9
M11, A441-573 M9 M12, and A441-573 M9 M11 M12).

This analysis revealed the presence of repressive elements
RE1, RE2, RE3, and RE4 within the ID (Fig. 2). We did not
obtain evidence of any further redundant REs in the ID. How-
ever, the enhanced activity of the A441-535 M9 construct as
compared with the A441-573 M9 construct (Fig. 5, A-C) sug-
gested the possibility of an activating element residing between
residue 536 and RE2. We mapped this enhancing activity

between Leu-547 and Ala-586, and we named it AE1 (Figs. 2
and 6). The addition of AE1 to the AID construct resulted in
6.6-fold increased activity (Fig. 6, A—C). While AE1 and AE2
could each enhance the activity of the AID, their combined
presence did not have an additive effect in this assay (Fig. 6,
A-C), suggesting that they enhance activity by redundant
mechanisms.

We next wanted to verify the repressive roles of RE1, RE2,
RE3, and RE4 in the context of full-length CARD11. We intro-
duced mutations M1, M11, M12, and M9 into full-length
CARD11 to simultaneously perturb the repressive functions of
all four REs. In the RNAi-rescue assay, we found that the com-
bined presence of these mutations did not result in as much of
an enhancement of activity as we expected; this construct was
not even as active as the AID, despite the fact that it contained
both AE1 and AE2 (Fig. 7, A-C). We suspected that the M1,
M11, M12, and M9 substitutions may not completely disrupt all
RE repressive activity and that the residual RE activity of four
mutated REs in cis might afford significant autoinhibition. We
therefore introduced further mutations into RE1 and RE4
because the M1 mutation only partially disrupted RE1 function
in the experiments in Fig. 3 and because RE4 appeared to be a
bipartite element based on the mutational analysis in Fig. 4.
Addition of the M5 mutation in RE4 significantly enhanced the
activity of the full-length mutated CARD11 construct in the
absence of TCR cross-linking, and this was further enhanced by
the addition of the M13 mutation in RE1 (Figs. 2 and 7, A-C).
The activity of this most active construct (M1, M5, M9, M11,
M12, and M13) approached that observed with the construct in
which AE1 and AE2 were added to the AID (A441-546 A587—
654) (Fig. 7, A-C). Thus, the combined mutation of RE1 (M1
and M13), RE2 (M11), RE3 (M12), and RE4 (M5 and M9) in the
context of full-length CARD11 resulted in significant derepres-
sion of CARD11 in the basal state and verified an autoinhibitory
role of these REs in the full-length CARD11 context.

REs Cooperatively Repress CARDI11-mediated NF-«kB Ac-
tivation—To quantitatively demonstrate the functional redun-
dancy of the four REs in repressing spontaneous CARDI11
signaling to NF-«kB, we compared the activities of CARD11 con-
structs containing mutations in all combinations of REs. RE1
was mutated with simultaneous M1 and M13 mutations, RE2
with the M11 mutation, RE3 with the M12 mutation, and RE4
with simultaneous M5 and M9 mutations. In the RNAi-rescue
assay, each construct was directly compared with wild-type
CARD11, CARDI11AID, and the construct containing simulta-
neous mutations in all four REs (Fig. 8 and Table 1). For ease of
representation, the presence of a mutated RE in a construct is
indicated by lowercase letters (e.g. rel), whereas the presence of
a wild-type RE is indicated by capital letters (e.g. RE1). The rel
re2 re3 re4 quadruple RE mutant displayed an activity that was

FIGURE 5. Identification of RE2 and RE3. A, schematic of the constructs assayed. B and D, Jurkat T cells in which CARD11 was stably knocked down were
transfected with CSK-LacZ and Igk,-IFN-LUC in the presence of expression vectors for the indicated Myc-tagged CARD11 variants and stimulated with
anti-CD3/anti-CD28 cross-linking for 5 h as indicated. B, two-tailed unpaired Student’s t test with unequal variance resulted in p values <0.0015 for the values
obtained under unstimulated conditions with the following constructs as compared with that observed with A441-616 M9: A441-573 M9, A441-535 M9, and
A441-488 M9. D, same test resulted in p values <0.007 for the values obtained under unstimulated conditions with A441-573 M9A600-616 and A441-599
M9 as compared with that observed with A441-616 M9. The same test resulted in the following p values in the comparison with A441-573 M9: A441-573 M9,
M11:p = 0.13, A441-573 M9, M12: p = 0.25, A441-573 M9, M11, M12: p = 0.004. C and E, HEK293T cells were transfected with the same amounts of each
expression vector used in Band D, and lysates were probed by Western blot (WB) using anti-Myc primary antibody to indicate the relative expression level of
each variant. B-Galactosidase activity, driven by CSK-LacZ, was used to calculate equivalent amounts of lysate for Western analysis.
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FIGURE 6. Relative activities conferred by AE1 and AE2. A, schematic of the constructs assayed. B, Jurkat T cells in which CARD11 was stably knocked down
were transfected with CSK-LacZ and Igk,-IFN-LUC in the presence of expression vectors for the indicated Myc-tagged CARD11 variants and stimulated with
anti-CD3/anti-CD28 cross-linking for 5 h as indicated. A two-tailed unpaired Student’s t test with unequal variance resulted in p values <0.0085 for the values
obtained under unstimulated conditions with the following constructs as compared with that observed with CARD11 AID: A441-546 A587-671, A441-654,
A441-546, and A587-654. C, HEK293T cells were transfected with the same amounts of each expression vector used in B, and lysates were probed by Western
blot (WB) using anti-Myc primary antibody to indicate the relative expression level of each variant. B-Galactosidase activity, driven by CSK-LacZ, was used to

calculate equivalent amounts of lysate for Western analysis.

640-fold higher than wild-type CARD11 and 6.7-fold higher
than the AID (Fig. 8, A and D) in the absence of TCR
engagement.

Asshown in Fig. 8, A and D, and Table 1, the mutation of any
single RE had little effect on the basal activity of CARD11 in the
absence of anti-CD3/anti-CD28 treatment, consistent with the
redundant action of the array of REs and the resistance of the ID
to potentially gain-of-function point mutations. The mutation
of RE4 had the largest effect, but it only increased activity 3.5-
fold over that of wild type.

Variants containing the mutation of two REs displayed
higher activities in the basal state, ranging from 4.0-fold (re1 re2
RE3 RE4) to 40-fold (RE1 RE2 re3 re4) over wild-type CARD11
(Fig. 8, B and E, and Table 1), but they were all significantly
repressed (16- to 160-fold) as compared with the rel re2 re3 re4
quadruple RE mutant. Double RE mutants containing RE4
mutations were more active than those with wild-type RE4.

The triple RE mutants ranged from 28-fold (rel re2 re3 RE4)
to 390-fold (rel RE2 re3 re4) more active than wild-type
CARDI11 (Fig. 8, C and F, and Table 1), and when compared
with the rel re2 re3 re4 quadruple RE mutant, they suggested
the relative potential of each wild-type RE to individually
repress in the full-length CARD11 context in the absence of
TCR triggering. In this view, RE4-alone provided 23-fold repres-
sion; RE1 alone provided 3.8-fold repression; RE3 alone pro-
vided 2.7-fold repression, and RE2 alone provided 1.6-fold
repression.

The results indicated that in all combinations the REs coop-
erate with each other to potentiate their repressive effects on
CARD11 signaling to NF-«B prior to antigen receptor engage-
ment. For example, for each individual RE, the addition of any

8332 JOURNAL OF BIOLOGICAL CHEMISTRY

of the other three REs increases the quantitative extent of
repression. Similarly, for each pair of REs, the addition of either
of the other two REs increases repression. For the triplet RE
combinations, the addition of the fourth RE had relatively mild
effects, consistent with the redundant properties of the array.
The cooperativity we observed in the assay of these variants
supported our assumption that the mutations we introduced to
kill the activity of an individual RE do not have inadvertent
negative effects on the folding or function of the other REs. In
addition, the signaling output of the single RE mutants follow-
ing TCR triggering (Fig. 84), which was comparable to that
elicited by wild-type CARD11, confirmed that the RE muta-
tions we introduced do not affect the folding or function of
other CARD11 domains outside of the ID.

Discussion

We have defined four REs in the CARD11 ID that function
cooperatively to autoinhibit CARD11 signaling to NF-«B in the
basal state. Their cooperative action results in a redundancy of
repressive function that makes the ID resistant to gain-of-func-
tion CARD11 mutations and explains why potent mutations in
the ID have not been identified in DLBCL. DLBCL-associated
mutations instead occur in the CARD, LATCH, or coiled coil,
where single amino acid mutations have the potential to acti-
vate the protein 80-160-fold in lymphocytes (34, 35). Our
quantitative analysis suggests that to achieve this level of hyper-
activity, three or more REs would have to be disabled, which
would require a combination of mutations in the ID that would
only occur with extremely low probability. DLBCLs instead
appear to select for single amino acid mutations in the CARD,
LATCH, and coiled coil that presumably disrupt or bypass
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FIGURE 7. RE1, RE2, RE3, and RE4 function in the context of full-length CARD11. A, schematic of the constructs assayed. B, Jurkat T cells in which CARD11
was stably knocked down were transfected with CSK-LacZ and Igk,-IFN-LUC in the presence of expression vectors for the indicated Myc-tagged CARD11
variants and stimulated with anti-CD3/anti-CD28 cross-linking for 5 h as indicated. A two-tailed unpaired Student’s t test with unequal variance resulted in p
values <0.015 for the values obtained under unstimulated conditions with the following constructs as compared with that observed with wild-type CARD11:
A441-546 A587-654; M1, M11, M12, M9; M1, M11, M12, M5, M9; and M1, M13, M11, M12, M5, M9. C, HEK293T cells were transfected with the same amounts
of each expression vector used in B, and lysates were probed by Western blot (WB) using anti-Myc primary antibody to indicate the relative expression level of
each variant. B-Galactosidase activity, driven by CSK-LacZ, was used to calculate equivalent amounts of lysate for Western analysis.

repression by three or more REs. In the accompanying paper
(48), we discuss how oncogenic CARD11 point mutations can
disrupt autoinhibition mediated by multiple REs.

Why has CARDL11 evolved this array of cooperative REs? Our
quantitative analysis indicates that there is much more poten-
tial signaling activity in CARD11 than previously appreciated.
The quadruple RE mutant rel re2 re3 re4 is 640-fold more
active than wild-type CARD11, more active than any previously
described CARD11 variant. The latent activity in CARD11 is
due in part to the presence of the activating elements AE1 and
AE2, which have not been previously identified and which
increase CARD11 specific activity by an undetermined mecha-
nism. CARD11 has likely evolved its array of REs to ensure that
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high levels of CARDI11 signaling do not occur in normal cells
unless and until the antigen receptor is engaged. Clearly, hyper-
active CARD11 signaling in the 80 -160-fold range above wild-
type can promote the aberrant lymphocyte proliferation and
survival that is seen in DLBCL (33, 35). In addition, in the
absence of lymphocyte transformation, constitutive hyperac-
tive CARDL11 signaling in the 80 —100-fold over wild-type range
(e.g. G123D and C49Y (35)) can perturb lymphocyte homeosta-
sis and promote BENTA disease in humans, a disorder that
results from germline gain-of-function CARD11 mutation,
involves B cell expansion and T cell anergy, and presents with
features of immunodeficiency (49 —52). We also speculate that
the array of REs in the CARD11 ID may be important in deter-
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FIGURE 8. RE1, RE2, RE3, and RE4 cooperatively repress CARD11 signaling to NF-«B. A-C, Jurkat T cells in which CARD11 was stably knocked down
(KD-CARD11) were transfected with CSK-LacZ and Igk,-IFN-LUC in the presence of expression vectors for the indicated Myc-tagged CARD11 variants and
stimulated with anti-CD3/anti-CD28 cross-linking for 5 h as indicated. A two-tailed unpaired Student's t test with unequal variance resulted in the following p
values in comparison with wild-type CARD11 under unstimulated conditions:re1 re2 re3 re4, p = 0.0004; re1 RE2 RE3 RE4, p = 0.397; RE1 re2 RE3 RE4, p = 0.054;
RE1 RE2 re3 RE4, p = 0.0016; RET RE2 RE3 re4, p = 0.0054; re1 re2 RE3 RE4, p = 0.0397; re1 RE2 re3 RE4, p = 0.0008; re1 RE2 RE3 re4, p = 0.011; RE1 re2 re3 RE4,
p =0.016;RE1 re2 RE3re4, p = 0.005; RE1 RE2 re3 re4, p = 0.0012; re1 re2 re3 RE4, p = 0.005; re1 re2 RE3 re4, p = 0.0007; re1 RE2 re3 re4, p = 0.001; RE1 re2 re3
re4, p = 0.0016. D-F, HEK293T cells were transfected with the same amounts of each expression vector used in A-C, and lysates were probed by Western blot
using anti-Myc primary antibody to indicate the relative expression level of each variant. B-Galactosidase activity, driven by CSK-LacZ, was used to calculate
equivalent amounts of lysate for Western analysis. For ease of representation, the presence of a mutated RE in a construct is indicated by blue lowercase letters
(e.g. re1), whereas the presence of a wild-type RE is indicated by red capital letters (e.g. RE1).
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TABLE 1
Relative Activities of RE mutants

Relative Activity*

WT (RE1 RE2 RE3 RE4) 1.0
AID 95.0
rel re2 re3 re4 640.0
RE]1 re2 re3 re4 170.0
rel RE2 re3 re4 390.0
rel re2 RE3 re4 240.0
rel re2 re3 RE4 28.0
RE1 RE2 re3 re4 40.0
RE1 re2 RE3 re4 27.0
RE]1 re2 re3 RE4 11.0
rel RE2 RE3 re4 220
rel RE2 re3 RE4 12.0
rel re2 RE3 RE4 4.0
rel RE2 RE3 RE4 1.1
REI1 re2 RE3 RE4 0.8
RE1 RE2 re3 RE4 1.6
RE1 RE2 RE3 re4 35

“ The relative activity was determined by normalizing the mean fold activation
determined in Figure 8 to that observed with wild-type CARD11 at comparable
levels of expression in the absence of anti-CD3/anti-CD28 treatment.

mining the kinetics of signal induction after antigen receptor
engagement, or for the kinetics by which CARD11 returns to
the basal inactive state after antigen receptors are triggered.
Consistent with the latter notion, the quadruple RE mutant rel
re2 re3 re4 results in much higher levels of NF-«B activity than
what is observed after 5 h of TCR cross-linking (Fig. 8).

In conclusion, our data reveal a remarkable and unique strat-
egy by which the CARD11 signaling scaffold achieves autoinhi-
bition to prevent unwarranted signaling, an array of four small
REs that range in length from 11 to 53 residues and that func-
tion cooperatively with redundancy. Clearly, autoinhibition by
the ID is significantly more elaborate than previously modeled
(25-27). The REs have evolved not only to autoinhibit in the
basal state but also to be neutralized enough during antigen
receptor signaling to promote normal signaling to the IKK
complex and NF-kB. Their neutralization occurs by an unde-
fined mechanism that requires the phosphorylation of serines
564,567,577,and 657 in the ID (26, 27, 29, 30), and further work
will be required to determine precisely how this occurs. Redun-
dant REs may also regulate other proteins that signal to NF-«B
or other targets that regulate cellular proliferation and survival.
We note that their redundancy may allow them to escape the
strict evolutionary conservation that would facilitate their rec-
ognition by sequence homology.
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