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NF-�B activation following engagement of the antigen-spe-
cific T cell receptor involves protein kinase C-�-dependent
assembly of the CARMA1-BCL10-MALT1 (CBM) signalosome,
which coordinates downstream activation of I�B kinase (IKK).
We previously identified a novel role for the adhesion- and
degranulation-promoting adapter protein (ADAP) in regulating
the assembly of the CBM complex via an interaction of ADAP
with CARMA1. In this study, we identify a novel site in ADAP
that is critical for association with the TAK1 kinase. ADAP is
critical for recruitment of TAK1 and the CBM complex, but not
IKK, to protein kinase C-�. ADAP is not required for TAK1
activation. Although both the TAK1 and the CARMA1 binding
sites in ADAP are essential for I�B� phosphorylation and deg-
radation andNF-�Bnuclear translocation, only the TAK1 bind-
ing site in ADAP is necessary for IKK phosphorylation. In con-
trast, only the CARMA1 binding site in ADAP is required for
ubiquitination of IKK�. Thus, distinct sites within ADAP con-
trol two key activation responses that are required for NF-�B
activation in T cells.

In the immune system, the NF-�B transcription factor path-
way plays a central role in T cell activation and survival (1, 2).
The canonical NF-�B pathway involves activation of the I�B-
kinase (IKK)3 complex,which consists of the catalytic IKK� and
IKK� subunits and the regulatory IKK� (NF-�B essential mod-
ulator (NEMO)) subunit. Activated IKK mediates phosphory-
lation of I�B�, resulting in I�B� degradation and translocation
of NF-�B to the nucleus. In T cells, stimulation of the T cell
receptor and the CD28 co-stimulatory receptor results in acti-
vation of the PKC� isoform and association of the IKK complex
with PKC� (3). PKC�phosphorylates themembrane-associated
guanylate kinase (MAGUK) family member adapter CARMA1

(4, 5), which then associates with the adapters BCL-10 and
mucosa-associated lymphoid tissue lymphoma translocation
protein 1 (MALT1) (6, 7). Activation of the IKK complex is
proposed to require both Lys-63-linked ubiquitination of
IKK� (8, 9) and IKK�/� phosphorylation (10). Recent studies
suggest that IKK� ubiquitination is dependent on efficient
CBM complex formation, whereas phosphorylation of IKK�/�
is mediated by TGF�-activated kinase (TAK1) (11). Both of
these regulatory events appear to be required for efficient
NF-�B activation as loss of expression of CARMA1, BCL-10,
MALT1, orTAK1 results in impairedNF-�B signaling inT cells
(7, 12–15). The mechanism by which TAK1 is recruited to the
PKC� signalosome is unclear. Although CARMA1 and TAK1
have been reported to associate with each other (11, 16, 17),
TAK1-mediated IKK�/� phosphorylation is intact in
CARMA1-deficient Jurkat T cells (11). This suggests that IKK�
ubiquitination and IKK�/� phosphorylation are independently
controlled.
Adhesion- and degranulation-promoting adapter protein

(ADAP) is a hematopoietic-specific adapter protein that reg-
ulates “inside-out” signaling from the T cell receptor to inte-
grins (18, 19). We previously identified a novel function for
ADAP in controlling NF-�B activation via regulation of
CBM complex assembly (20). A region of ADAP between
amino acids 426 and 541 mediates the association of ADAP
with CARMA1, and a mutant of ADAP lacking this site is
unable to restore NF-�B activation in ADAP�/� T cells (20).
This mutant can restore integrin function in ADAP�/� T
cells (21), indicating that ADAP independently controls inte-
grin function and NF-�B activation. However, the precise
mechanism by which ADAP controls IKK complex activation
has not been elucidated. In this study, we identify a novel site in
ADAP that is critical for TAK1 association and TAK1-depen-
dent IKK�/� phosphorylation and demonstrate that distinct
sites in ADAP are required for IKK�/� phosphorylation and
CARMA1-dependent IKK� ubiquitination.

EXPERIMENTAL PROCEDURES

Mice—ADAP�/� mice andADAP�/� mice crossed to hCAR
transgenicmice (22) on the BALB/c background have been pre-
viously described (20). Mice were housed in specific pathogen-
free facilities at the University of Minnesota and were used
between 8 and 10 weeks of age. All protocols involving use of
mice were approved by the Institutional Animal Care and Use
Committee at the University of Minnesota.
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Cells, Antibodies, and Reagents—The Jurkat E6-1 human T
cell line was obtained from American Type Culture Collection
andmaintained in RPMI 1640 supplementedwith 10% fetal calf
serum, penicillin/streptomycin, and L-glutamine. Jurkat T cells
were transfected by electroporation as described previously
(23).
Antibodies used for T cell stimulation were anti-mouse CD3

antibody 2C11, anti-mouse CD28 antibody, and anti-human
CD3 antibody OKT3 (all from eBioscience). Additional anti-
bodies used include mouse anti-I�B�, rabbit anti-phospho-
I�B, rabbit anti-Erk, rabbit anti-lamin A/C, and rabbit anti-
phospho-Erk (all from Cell Signaling); rabbit anti-IKK, goat
anti-phospho-IKK, mouse anti-TAK1 (C-9), rabbit anti-PKC�
(C-18), rabbit anti-IKK�, mouse anti-ubiquitin (P4D1), rabbit
anti-p65 (C-20), and mouse anti-BCL10 (331.3) (all from Santa
Cruz Biotechnology); and rabbit anti-CARMA1 (Alexis Bio-
chemicals) and allophycocyanin (APC)-conjugated anti-mouse
Thy1.1 (H1S51) (eBioscience). Sheep anti-murine and anti-hu-
man ADAP antibodies (24) were kindly provided by Dr. E.
Peterson (University of Minnesota). For immunoblotting,
Alexa Fluor 680-conjugated goat anti-mouse IgG (Invitrogen),
IRDye 800-conjugated goat anti-rabbit IgG (Rockland Immu-
nochemicals), and IRDye 800 donkey anti-sheep IgG (Rockland
Immunochemicals) were used.
Adenovirus Production and Transduction—Adenovirus ex-

pression plasmids and recombinant adenovirus were generated
as described previously (20, 21). ADAPmutantswere generated
using the QuikChange� II XL site-directed mutagenesis kit
(Stratagene) via the introduction of a stop codon at amino acid
position 604 and 719 or by using primers flanking both sides of
the deleted site (mutants �673–686, �621–672, �691–708,
and �426–541). Freshly isolated resting hCAR� control and
ADAP�/� lymph node T cells were transduced with control
virus or ADAP virus and incubated at 37 °C for 3 days in com-
plete T cell medium containing 10 ng/ml mouse interleukin-7
(IL-7) (R&D Systems). All recombinant adenoviruses express
the Thy1.1 cell surface antigen. Flow cytometric analysis
indicated that �80% of the cells in these cultures were trans-
duced and expressing Thy1.1 and ADAP. Cell lysates were
also analyzed by Western blotting with an anti-ADAP anti-
body to verify comparable expression of ADAP in different
cell samples.
Immunoprecipitation and Immunoblotting—Immunopre-

cipitation and immunoblotting was performed as described
previously (20). Briefly, T cells (10 � 106) were resuspended
in phosphate-buffered saline containing 0.5% bovine serum
albumin and stimulated with 20 �g/ml anti-CD3 (2C11) and
2 �g/ml anti-CD28 or phorbol 12-myristate 13-acetate (50
ng/ml). Stimulated cells were lysed with an equal volume of
2� lysis buffer (2% Nonidet P-40, 100 mM Tris (pH 7.6), 300
mM NaCl, 4 mM EDTA, 2 mM sodium orthovanadate, 10
�g/ml leupeptin, 10 �g/ml aprotinin, 2 mM phenylmethyl-
sulfonyl fluoride) and cleared by centrifugation at 12,000 �
g. HA-tagged ADAP expressed in Jurkat cells was immuno-
precipitated with anti-HA-agarose (Bethyl Laboratories).
Other primary antibodies were absorbed to GammaBind
Plus Sepharose beads (GE Healthcare). Immunoprecipitates
(IPs) were washed with 1� lysis buffer prior to analysis by

Western blotting as described previously (20, 21). Mem-
branes were imaged with an Odyssey infrared imager (LI-COR
Biosciences).
To assess NF-�B nuclear translocation, hCAR� control and

ADAP�/� lymph node T cells were transduced with adenovi-
ruses and either left unstimulated or stimulated with anti-CD3
and anti-CD28 antibodies as described above. Nuclear and
cytoplasmic extracts were isolated as described (Panomics) and
analyzed by immunoblotting with an anti-p65 antibody and an
anti-lamin A/C antibody.
TAK1 Kinase Assay—TAK1 immunoprecipitates from un-

stimulated and CD3/CD28-stimulated cell lysates were ana-
lyzed for TAK1 kinase activity. Assayswere carried out in a final
volume of 50 �l containing 50 mM Tris (pH 7.6), 10 mMMgCl2,
0.25mM EGTA, 0.1mM orthovanadate, 100 �MATP, and 50 ng
of GST�IKK. The reaction was initiated with the addition of
ATP and incubated at 37 °C for 30 min. Phosphorylation of
GST�IKK was assessed byWestern blotting using an anti-phos-
pho-IKK antibody and an anti-IKK antibody.

RESULTS

ADAP Regulates IKK�/� Phosphorylation and Recruitment
of TAK1 to the PKC� Signalosome—We analyzed TAK1-medi-
ated regulation of NF-�B by first examining ADAP-dependent
IKK�/� phosphorylation following stimulation of naive mouse
T cells with anti-CD3 and anti-CD28 antibodies that engage
the T cell receptor and the CD28 co-stimulatory receptor.
Although CD3/CD28 stimulation of control T cells resulted in
IKK�/� phosphorylation observed within 10 min of stimula-
tion, IKK�/� phosphorylation was only detectable at late time
points (30–40 min) after stimulation of ADAP�/� T cells (Fig.
1A). This was not due to impaired IKK recruitment of the PKC�
signalosome in the absence of ADAP as CD3/CD28 stimulation
resulted in increased IKK in PKC� IPs from control and
ADAP�/� T cells (Fig. 1B). CD3/CD28 stimulation has also
been reported to induce the recruitment of TAK1 and the CBM
complex to PKC� (11). Thus, we also analyzed PKC� IPs and
found that recruitment of TAK1, as well as CARMA1 and BCL-
10, was dramatically impaired following CD3/CD28 stimula-
tion ofADAP�/�Tcells (Fig. 1C). Similar resultswere observed
when we specifically immunoprecipitated TAK1 from control
and ADAP�/� T cells (Fig. 1D). Expression of wild-type ADAP
in ADAP�/� T cells restored CD3/CD28-mediated recruit-
ment of TAK1, CARMA1, and BCL-10 to the PKC� signalo-
some (Fig. 1E). Together, these results show that ADAP is crit-
ical for CD3/CD28-mediated IKK�/� phosphorylation and
recruitment of TAK1 and the CBM complex to the PKC�
signalosome.
A Novel Site in the C-terminal End of ADAP Is Critical for

TAK1 Association—To define the region of ADAP critical for
CD3/CD28-mediated association with TAK1, we expressed a
series of HA-tagged ADAP truncationmutants in Jurkat T cells
and tested their ability to co-IP TAK1 following CD3/CD28
stimulation. Both wild-type ADAP andmutant ADAP contain-
ing amino acids 1–719 were able to co-IP TAK1 in CD3/CD28-
stimulated T cells (Fig. 2B). In contrast, an ADAP mutant con-
taining amino acids 1–604 was not able to co-IP TAK1. This
suggests that the region between amino acids 604 and 719 in
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ADAP is critical for TAK1 association. The region of ADAP
critical for TAK1 association was further mapped to amino
acids 691–708 within ADAP (amino acid sequence DASDFPP-
PPAEMSQGMSV) as a mutant lacking this region (ADAP
�TAK) was unable to co-IP TAK1 following CD3/CD28 stim-
ulation of Jurkat T cells (Fig. 2B).
We previously showed that a distinct ADAP mutant (ADAP

�CAR lacking amino acids 426–541) is critical for ADAP
association with CARMA1 and CD3/CD28-mediated assem-
bly of the CBM complex in primary naive mouse T cells (20).
In contrast to ADAP �TAK, immunoprecipitation of ADAP
�CAR was able to co-IP TAK1 in both Jurkat T cells (Fig. 2B)
and ADAP�/� T cells expressing the ADAP �CAR mutant
(Fig. 2C). Conversely, only the ADAP �TAKmutant was able
to co-IP BCL-10. Similar results were observed when we
examined anti-ADAP IPs of ADAP�/� T cells expressing
these mutants (Fig. 2C). Furthermore, expression of the
ADAP �TAK mutant restored the recruitment of CARMA1
and BCL-10, but not TAK1, to PKC�, whereas the ADAP
�CAR mutant restored only the recruitment of TAK1 to
PKC� (Fig. 2D).
ADAPMediates NF-�B Activation via IKK�/� Phosphoryla-

tion and IKK� Ubiquitination—Activation of the IKK complex
involves CARMA1-dependent ubiquitination of IKK� and
TAK1-dependent phosphorylation of IKK�/� (8–10). We
found that CD3/CD28-mediated ubiquitination of IKK� was

dramatically impaired in ADAP�/� T cells (Fig. 3A). Expres-
sion of wild-type ADAP or ADAP �TAK in ADAP�/� T cells
restored CD3/CD28-mediated ubiquitination of IKK� to
levels observed with control T cells, whereas ADAP �CAR
was unable to restore IKK� ubiquitination (Fig. 3A). Expres-
sion of wild-type ADAP in ADAP�/� T cells also restored
CD3/CD28-mediated IKK�/� phosphorylation (Fig. 3B).
Although ADAP �TAK was able to restore IKK� ubiquitina-
tion, this mutant was unable to restore IKK�/� phosphoryla-
tion (Fig. 3B). In contrast, expression of ADAP �CAR in
ADAP�/� T cells restored CD3/CD28-mediated phosphoryla-
tion of IKK�/� (Fig. 3B). Thus, distinct siteswithinADAP inde-
pendently control CARMA1-dependent IKK� ubiquitination
and TAK1-dependent IKK�/� phosphorylation.
We also assessed the role of ADAP in CD3/CD28-mediated

increases in TAK1 enzymatic activity. CD3/CD28 stimulation
of both wild-type and ADAP�/� T cells resulted in similar
increases in TAK1 activity in TAK1 IPs, as assessed by in vitro
phosphorylation of a GST�IKK fusion protein (Fig. 3C). Expres-
sion of wild-type ADAP, the ADAP �TAK mutant, or the
ADAP �CAR mutant did not alter CD3/CD28-mediated acti-
vation of TAK1. These results suggest that CD3/CD28-medi-
ated activation of TAK1 in T cells does not require ADAP
expression. Fig. 3D demonstrates that all cell samples analyzed
were infectedwith recombinant adenovirus, as assessed by flow
cytometric analysis of expression of the Thy1.1 expression
marker encoded by our recombinant adenovirus. In addition,
Western blotting analysis demonstrates expression of wild-
type ADAP and ADAP mutants at levels comparable with
ADAP expression in control wild-type T cells.
Both the TAK1 Binding Site and the CARMA1 Binding Site

in ADAP Are Required for I�B Phosphorylation and Degra-
dation and NF-�B Nuclear Translocation—To determine
whether both the TAK1 binding site and the CARMA1 bind-
ing site in ADAP are important for NF-�B activation, we
analyzed I�B� phosphorylation and degradation, as well as
nuclear translocation of NF-�B. Each of these sites is inde-
pendently critical for full activation of NF-�B as expression
of either the ADAP �TAK or the ADAP �CAR mutant in
ADAP�/� T cells did not restore CD3/CD28-mediated I�B�
phosphorylation and degradation (Fig. 4A). Impaired nu-
clear translocation of p65 in ADAP�/� T cells was also not
restored by expression of either the ADAP �TAK or the
ADAP �CAR mutant (Fig. 4B). CD3/CD28-mediated phos-
phorylation of Erk was comparable in all samples analyzed,
demonstrating that CD3/CD28-mediated signaling was not
globally impaired (Fig. 4A).

DISCUSSION

In this study, we have defined the mechanism by which the
adapter protein ADAP regulates NF-�B activation in T cells.
Because our previous work showed that ADAP associates with
CARMA1 and regulates CD3/CD28-mediated assembly of the
CBM complex (20), we analyzed signaling responses that are
required for IKK complex activation. Ubiquitination of the
IKK� regulatory subunit has been shown to be dependent on
CARMA1 expression (11). Consistentwith this earlier work, we
demonstrate here that ADAP�/�T cells exhibit impaired IKK�

FIGURE 1. ADAP regulates TAK1 recruitment to the PKC� signalosome.
A, T cells from control ADAP�/� mice (Ctrl) and ADAP�/� mice were left
unstimulated or CD3/CD28-stimulated for the indicated times (in min). Cells
were lysed and probed for phospho-IKK (p-IKK) and IKK�/�. B–E, control and
ADAP�/� T cells were left unstimulated (U or �) or stimulated with anti-CD3/
CD28 (3/28 or �) or phorbol 12-myristate 13-acetate (P) for 15 min and lysed.
B, PKC� IPs were probed for IKK�/� and PKC�. C, PKC� IPs were probed for
TAK1, ADAP, CARMA1, and PKC�. D, TAK1 IPs were probed for ADAP, PKC�,
CARMA1, and TAK1. E, control hCAR� T cells (Ctrl) and hCAR� ADAP�/� T cells
were first transduced with control adenovirus encoding Thy1.1 alone (Thy) or
wild-type ADAP (WT) and cultured for 3 days prior to CD3/CD28 stimulation.
PKC� IPs were probed for ADAP, TAK1, CARMA1, and PKC�.
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ubiquitination following CD3/CD28 stimulation. In addition,
expression of theADAP�CARmutant, which does not interact
with CARMA1 (20), in ADAP�/� T cells cannot restore CD3/
CD28-mediated IKK� ubiquitination. These results highlight
the critical role that ADAP plays in CARMA1-dependent acti-
vation of IKK and are consistent with other evidence linking
CARMA1 to IKK� ubiquitination (11).
We also revealed that CD3/CD28-mediated recruitment

of TAK1 to the PKC� signalosome is dependent on ADAP,
and TAK1 can also be co-immunoprecipitated with ADAP.
We traced this activity to a small region in the C-terminal
end of murine ADAP between amino acids 691 and 708
(amino acid sequence DASDFPPPPAEMSQGMSV) that is
highly conserved in the human, monkey, and chicken
orthologs of ADAP. TAK1 has been proposed to play a key
role in activating IKK by phosphorylating IKK�/� (9, 10).
However, a requirement for TAK1 in T cell receptor-medi-
ated activation of NF-�B appears to be dependent at least in
part on the differentiation state of the T cell as NF-�B acti-
vation is impaired in TAK1-deficient thymocytes and
mature single-positive thymocytes but not in TAK1-defi-
cient effector T cells (14, 15). The expression system in this
study utilized recombinant adenovirus and transgenic
ADAP�/� mice expressing the hCAR receptor (20, 21).
Because this system allows for efficient transduction of pri-
mary, non-cycling naive T cells (22), our findings are con-
sistent with a requirement for TAK1 in NF-�B activation in
naive T cells.
Regulated recruitment of the IKK complex and proteins that

regulate IKK complex activation to PKC� is a critical early step
in CD3/CD28-mediated activation of NF-�B (1, 3, 25). 3-Phos-
phoinositide-dependent kinase 1 (PDK1) has been proposed to
play a dual role in this recruitment by regulating PKC�-medi-
ated recruitment of the IKK complex and the recruitment of
CARMA1 to the PKC� signalosome (26). ADAP also appears to
play a dual role in regulating recruitment of NF-�B signaling
proteins to the PKC� signalosome as distinct sites in ADAP are
critical for the recruitment of TAK1 and CARMA1 to PKC�.
Although TAK1 and CARMA1 have been proposed to interact
with each other, TAK1 recruitment to PKC� and IKK�/� phos-
phorylation is not altered in CARMA1-deficient T cells (11, 16,
17). We suggest that ADAP plays a central role in this
CARMA1-independent recruitment of TAK1 to PKC�. PDK1
is also critical for the phosphorylation and activation of PKC�
(26). In contrast, our earlier studies demonstrated that CD3/
CD28-mediated phosphorylation of PKC� is not dependent on
ADAP (20). This is consistent with our findings in this study of
the normal recruitment of IKK to PKC� in ADAP�/� T cells.
Similarly, loss of ADAP does not alter CD3/CD28-mediated
activation of TAK1. Thus, these results suggest that ADAP
functions to recruit active TAK1 to the PKC� signalosome,
where it can then promote the activation of the IKK complex by
phosphorylating IKK�/�.

FIGURE 2. A site in the C-terminal end of ADAP is critical for TAK1 associ-
ation. A, schematic representation of the CARMA1 binding ADAP mutant
(ADAP �CAR) and TAK1 binding ADAP mutant (ADAP �TAK). PRO, proline-
rich region, E/K, glutamic and lysine-rich region; hSH3, non-canonical helical
SH3 domain. B, Jurkat T cells were transfected with the indicated HA-tagged
ADAP constructs and stimulated with anti-CD3 monoclonal antibody OKT3
for 15 min. Anti-HA IPs were probed for HA-ADAP, TAK1, and BCL10. C, control
hCAR� T cells (Ctrl) and hCAR� ADAP�/� T cells were transduced with ade-
novirus encoding Thy1.1 alone (Thy) or wild-type ADAP (WT), the ADAP �CAR
mutant, or the ADAP �TAK mutant prior to CD3/CD28 stimulation for 15 min.

ADAP IPs were probed for TAK1, CARMA1, BCL-10, and ADAP. D, control
hCAR� T cells (Ctrl) and hCAR� ADAP�/� T cells were transduced and stimu-
lated as in C. PKC� IPs were probed for ADAP, TAK1, BCL10, CARMA1, and
PKC�.
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Our identification of sites within ADAP that independently
control association with CARMA1 and TAK1 provide a bio-
chemical basis for the independent control of CARMA1-medi-
ated IKK� ubiquitination and TAK1-dependent IKK�/� phos-
phorylation in T cells (1, 11, 25). Both of these sites are critical
for NF-�B signaling as expression of either the ADAP�TAK or
the ADAP �CAR mutant was not able to restore CD3/CD28-
mediated phosphorylation and degradation of I�B�, as well as
subsequent nuclear translocation of p65, in ADAP�/� T cells.
Thus, our results support a central role for ADAP in regulating
both CARMA1-dependent IKK� ubiquitination and TAK1-
mediated IKK�/� phosphorylation, two key events that lead to
IKK complex activation and NF-�B activation in T cells.

FIGURE 3. Independent control of IKK� ubiquitination and IKK�/� phos-
phorylation by ADAP. Control hCAR� T cells (Ctrl) and hCAR� ADAP�/� T
cells were transduced with adenovirus encoding Thy1.1 alone (Thy) or wild-
type ADAP (WT), the ADAP �CAR mutant, or the ADAP �TAK mutant prior to
CD3/CD28 stimulation for 15 min (A and C) or for 15 or 45 min (B). A, IKK� IPs
were probed for ubiquitin and IKK�. B, IKK�/� IPs were probed for phosphor-
ylated IKK and IKK. C, in vitro kinase assays were performed with TAK1 IPs.

Phosphorylation of GST�IKK was assessed by Western blotting with an anti-
phospho-IKK antibody (p-GST IKK). Samples were also probed with an anti-IKK
antibody (GST IKK). D, flow cytometry analysis of T cells infected with adeno-
virus with an anti-Thy1.1 antibody, which detects the Thy1.1 cell surface pro-
tein expressed by all recombinant adenoviruses used in this study. Cell lysates
were also immunoblotted with an anti-ADAP antibody to confirm ADAP
expression (bottom).

FIGURE 4. The ADAP �CAR and ADAP �TAK mutants are each unable to
restore CD3/CD28-mediated IkB� phosphorylation and degradation
and p65 nuclear translocation. Control hCAR� T cells (Ctrl) and hCAR�

ADAP�/� T cells were transduced with adenovirus encoding Thy1.1 alone
(Thy) or wild-type ADAP (WT), the ADAP �CAR mutant, or the ADAP �TAK
mutant prior to CD3/CD28 stimulation for 15 or 45 min. A, lysates were immu-
noblotted with antibodies specific for IkB�, phospho-I�B (p-I�B), phospho-
Erk (p-ERK), and Erk. B, nuclear and cytoplasmic extracts were analyzed by
immunoblotting with antibodies specific for p65 and the nuclear marker
lamin A/C. Cytoplasmic extracts were also probed with an anti-ADAP anti-
body to verify expression of ADAP.
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