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Adhesion and degranulation-promoting adapter protein (ADAP) is a multifunctional scaffold that regulates T cell receptor-mediated
activation of integrins via association with the SKAP55 adapter and the NF-�B pathway through interactions with both the CARMA1
adapter and serine/threonine kinase transforming growth factor �-activated kinase 1 (TAK1). ADAP-deficient T cells exhibit impaired
proliferation following T cell receptor stimulation, but the contribution of these distinct functions of ADAP to this defect is not known.
We demonstrate that loss of ADAP results in a G1-S transition block in cell cycle progression following T cell activation due to impaired
accumulation of cyclin-dependent kinase 2 (Cdk2) and cyclin E. The CARMA1-binding site in ADAP is critical for mitogen-activated
protein (MAP) kinase kinase 7 (MKK7) phosphorylation and recruitment to the protein kinase C � (PKC�) signalosome and subse-
quent c-Jun kinase (JNK)-mediated Cdk2 induction. Cyclin E expression following T cell receptor stimulation of ADAP-deficient T
cells is transient and associated with enhanced cyclin E ubiquitination. Both the CARMA1- and TAK1-binding sites in ADAP are criti-
cal for restraining cyclin E ubiquitination and turnover independently of ADAP-dependent JNK activation. T cell receptor-mediated
proliferation was most dramatically impaired by the loss of ADAP interactions with CARMA1 or TAK1 rather than SKAP55. Thus,
ADAP coordinates distinct CARMA1-dependent control of key cell cycle proteins in T cells.

Tlymphocyte activation requires physical contact with an anti-
gen-presenting cell and the propagation of signals from the

antigen-specific T cell receptor (TCR) that result in proliferation
and differentiation. Adapter proteins coordinate the assembly of
signalosomes that are essential for optimal T cell activation (36).
In T cells, adhesion and degranulation-promoting adapter protein
(ADAP) positively regulates T cell receptor signaling by facilitat-
ing the activation of integrin receptors that enhances T cell contact
with antigen-presenting cells and by promoting the activation of
NF-�B (4, 5, 16, 24, 28, 38, 46). These two functions of ADAP are
controlled by biochemically and functionally distinct pools of
ADAP that are defined by SKAP55, another adapter that constitu-
tively associates with a subset of the total ADAP expressed in a T
cell (4, 5). The pool of ADAP associated with SKAP55 regulates
integrin function, while the pool of ADAP not associated with
SKAP55 regulates NF-�B via TCR-inducible association with the
CARMA1 adapter and the serine/threonine kinase transforming
growth factor �-activated kinase 1 (TAK1) (4, 5, 24, 38). These
inducible interactions facilitate the formation of the CARMA1-
Bcl10-Malt1 (CBM) complex and the assembly of the protein ki-
nase C � (PKC�) signalosome that are required for optimal T cell
receptor-mediated activation of NF-�B (42). Three discrete sites
in ADAP mediate the association of ADAP with SKAP55,
CARMA1, and TAK1 (24, 38). T cells lacking ADAP exhibit im-
paired TCR-mediated proliferation (16, 27, 28), but the contribu-
tion of these individual protein interactions with ADAP to this
proliferative defect remains undefined.

The successful progression of T cells through the cell cycle
following TCR stimulation involves the temporal induction and
activation of cyclins and cyclin-dependent kinases (Cdk’s) (47).
D-type cyclins, Cdk4, and Cdk6 are induced during the G1 phase
of the cell cycle, followed by the induction of cyclin E and the
induction and activation of Cdk2 at the late G1 restriction point.

Expression of cyclin E is controlled by transcriptional regulation
of cyclin E as well as by ubiquitin-dependent degradation of cyclin
E. Both the cullin-3 E3 ubiquitin ligase (6, 37) and the SCFFbw7 E3
ubiquitin ligase control cyclin E levels in a manner that is depen-
dent on cyclin E phosphorylation and the association of cyclin E
with Cdk2 (20, 25, 40, 48). The signaling pathways that control the
induction of cell cycle regulatory proteins in T cells remain incom-
pletely characterized. NF-�B has been implicated in the activation
of cyclin D1 and cyclin A transcription, and I�B kinase (IKK) has
been proposed to play a role in cell cycle regulation (1, 13, 18, 19,
21, 30). The c-Jun kinase (JNK) signaling pathway has also been
reported to regulate cell cycle progression of multiple cell types. In
fibroblasts, the JNK1 and JNK2 isoforms differentially regulate
G1-S-phase transition and cell cycle progression via c-Jun, a
downstream target of JNK (34). Similar differential functions for
JNK1 and JNK2 have also been reported for T cell differentiation
and various T cell functional responses that may be affected by the
differentiation and activation state of the T cell (7, 11, 29, 41).
However, T cells lacking either JNK1 or JNK2 display impaired
proliferation in response to antibody stimulation of the TCR and
the CD28 coreceptor, suggesting common functions for JNK1 and
JNK2 in T cells (35).

The CARMA1 signalosome may be particularly critical for the
induction and activation of cell cycle regulatory proteins follow-
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ing TCR stimulation, as T cells lacking either CARMA1, Bcl10, or
Malt1 exhibit impaired activation of NF-�B and JNK (3, 12, 15,
17, 31–33, 44). In this study, we demonstrate that the impaired
proliferative response of ADAP-deficient T cells is associated with
impaired induction of Cdk2 and increased turnover of cyclin E
that is mediated by discrete ADAP-dependent pathways. ADAP
association with CARMA1, but not TAK1, is critical for JNK-de-
pendent expression of Cdk2, while the stabilization of cyclin E is
JNK independent and impaired by loss of ADAP association with
either CARMA1 or TAK1.

MATERIALS AND METHODS
Mice. ADAP�/� mice and DO11.10/ADAP�/� mice crossed to hCAR
transgenic mice expressing the human coxsackie adenovirus receptor
have been previously described (5, 24, 27). CARMA1�/� mice were pro-
vided by M. Farrar (University of Minnesota). Mice were housed in spe-
cific-pathogen-free facilities at the University of Minnesota and were used
at between 8 and 12 weeks of age. All experimental protocols involving the
use of mice were approved by the Institutional Animal Care and Use
Committee at the University of Minnesota.

Antibodies and reagents. Anti-Thy1.1 allophycocyanin (APC), anti-
CD4 Alexa Fluor 700, anti-CD8 peridinin chlorophyll protein (PerCP)-
Cy5.5, anti-CD11c PerCP-Cy5.5, anti-B220 PerCP-Cy5.5, anti-D011.10
TCR biotin KJ1-26, and streptavidin phycoerythrin-Cy7 were purchased
from eBioscience (San Diego, CA). Anti-extracellular signal-regulated ki-
nase (anti-ERK; 9102), anti-phospho-ERK (9101), anti-Jnk (56G8), anti-
CycD1 (2926), anti-mitogen-activated protein (anti-MAP) kinase (anti-
MAPK) kinase 7 (anti-MKK7; 4172), anti-phospho-MKK7 (4171S),
anti-MKK4 (9152), anti-phospho-MKK4 (9151S), anti-Cdk4 (2906),
anti-Cdk2 (2546), anti-phospho-Cdk2 (2561S), and anti-phospho-Jnk
(2924) were from Cell Signaling (Danvers, MA). Mouse anti-PKC� (C-
18), anti-Bcl10 (H-197), anti-cyclin E (H-145), anti-c-Jun, anti-phospho-
c-Jun (KM-1), and antiubiquitin (P4D1) were from Santa Cruz Biotech-
nology (Santa Cruz, CA). Sheep anti-ADAP N terminus polyclonal
antiserum was the kind gift of G. Koretzky, as previously described (5).
Anti-rabbit or anti-mouse Alexa Fluor 680-conjugated antibodies (Invit-
rogen, Carlsbad, CA), donkey anti-sheep IR800-conjugated antibodies,
and donkey anti-rabbit secondary IR680-conjugated antibodies (LI-COR
Biosciences, Lincoln, NE) were used for Western blotting. 4=,6-Di-
amidino-2-phenylindole (DAPI), carboxyfluorescein succinimidyl ester
(CFSE), and ovalbumin peptide from amino acids (aa) 323 to 339
(OVAp) were from Invitrogen. The JNK inhibitor SP600125 was pur-
chased from Sigma.

Adenovirus production and transduction. Adenovirus expression
plasmids and recombinant adenovirus were generated as previously de-
scribed (5, 24). The ADAP�CAR (deletion of aa 426 to 541 in mouse
ADAP), ADAP�TAK (deletion of aa 691 to 708 in mouse ADAP), and
ADAP�SKAP (deletion of aa 338 to 358 in mouse ADAP) mutants were
generated as previously described (5, 24, 38). Freshly isolated resting
hCAR-positive (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 complete T cell medium containing 10 ng/ml mouse interleukin-7
(R&D Systems) as previously described (4, 5, 24, 38). All recombinant
adenoviruses used in this study express a Thy1.1 expression marker, used
to assess the efficiency of viral infection of resting T cells (Fig. 1A and B).

Western blotting. Western blotting was performed as previously de-
scribed (5, 38). Briefly, freshly harvested lymphocytes were transduced as
described above and then stimulated with 1 �g anti-CD3 (clone 2C11)
and 0.1 �g anti-CD28 per 3 � 106 cells in a 50-�l volume. Samples were
lysed at the indicated time point by the addition of 50 �l of 2% NP-40 lysis
buffer (5, 38). For extended time course assays and inhibitor studies, T
cells were assessed for viability by trypan blue exclusion, and an equivalent
number of viable cells was lysed. The lysates were spun to pellet insoluble
materials, and the supernatant was added to 4� NuPAGE sample buffer
(Invitrogen) and separated by SDS-PAGE. For whole-cell lysates, 1 mil-

lion cell equivalents were loaded per lane. After Western transfer, a poly-
vinylidene difluoride membrane was blocked with 5% bovine serum al-
bumin (BSA) for 1 h, and primary antibody was incubated for 2 h at room
temperature or overnight at 4°C in phosphate-buffered saline (PBS)–
2.5% BSA– 0.2% Tween 20, washed with PBS containing 0.2% Tween 20,
incubated for 1 h in secondary antibody in PBS–2.5% BSA– 0.2% Tween
20, and finally washed with PBS– 0.2% Tween 20 and stored in PBS. The
membrane was imaged with on Odyssey infrared imager (LI-COR Biosci-
ences, Lincoln, NE).

Immunoprecipitation. Cells were stimulated with anti-CD3/CD28
and lysed as described above at a density of 10 � 106 cells/400 �l. For
immunoprecipitation, anti-PKC�, anti-Bcl10, or anti-cyclin E antibody
was cross-linked to GammaBind Plus Sepharose beads (GE Healthcare,
Piscataway, NJ) at a ratio of 10 �g to 20 �l settled beads as previously
described (5, 38). Beads were added to cleared cell lysates, rotated over-
night at 4°C, and washed with 1% NP-40 lysis buffer, and samples were
prepared for SDS-PAGE by resuspending the samples into 30 �l of 1�
lysis buffer and bringing the samples to 1� SDS loading buffer and 5%
�-mercaptoethanol.

Cell cycle analysis. Cells were activated as described above and resus-
pended at 20 � 106 cells/ml in PBS with 5% calf serum. CFSE (5 mM in
PBS) was added at a 1:1 volume to the cell suspension, and the mixture was
vortexed immediately. Cells were incubated for 5 min at room tempera-
ture in the dark and then washed twice with PBS containing 5% calf
serum. For DAPI staining, samples were initially stained with an antibody
cocktail for surface markers and then incubated with Foxp3 fix-perm
buffer (eBioscience) according to product instructions. Samples were
then resuspended in 200 �l of 0.1 �g/ml DAPI in Foxp3 perm buffer for 20
min at room temperature. Cells of interest were analyzed by fluorescence-
activated cell sorting (FACS) for CFSE dilution using a FACSCalibur ap-
paratus. Cells in the undivided CFSE peak were used for cell cycle analysis
by DAPI staining using a Watson (Pragmatic) model in FlowJo software
(Tree Star, Ashland, OR).

In vitro activation and proliferation assays. Naïve CD4 T cells were
purified using negative selective on MACS LS columns (Miltenyi Biotec,
Auburn, CA). For kinetic analysis of activation, purified T cells were cul-
tured at a density of 2 � 106/ml in 2 ml on plates precoated overnight with
anti-CD3 and anti-CD28 antibodies (both at 2 �g/ml). Cells were har-
vested by washing the plates with PBS at the indicated times, and samples
were processed for quantitative PCR (qPCR) or Western blotting as de-
scribed above. To monitor proliferation, purified T cells were transduced
with different ADAP mutant viruses or control virus and then labeled with
CFSE as described above. Cells were cultured at a density of 1 � 106

cells/ml for different time points (24, 36, and 48 h) on plates coated with
anti-CD3 (2 �g/ml) and anti-CD28 (2 �g/ml) antibodies prior to harvest-
ing and analysis by flow cytometry.

In vivo proliferation assay. T cells from DO11.10 hCAR� control or
ADAP�/� mice were transduced with the different ADAP viruses and
control virus as described above. Transduced cells were labeled with
CFSE, and 1 � 106 cells were transferred into BALB/c mice. Two hours
after T cell transfer, host mice were challenged with an intravenous injec-
tion of OVAp (5 �g). Spleens were harvested 48 h after OVAp injection.
Cells were stained for surface markers CD4, CD8, Thy1.1, D011.10 TCR,
B220, and CD11c, incubated with Foxp3 fix-perm buffer (eBioscience),
and stained with DAPI. Cells of interest (KJ1-26� Thy1.1�) were analyzed
by FACS for CFSE dilution. Cells in the undivided CFSE peak were used
for cell cycle analysis as described above.

qRT-PCR. Quantitative real-time PCR (qRT-PCR) was performed as
previously described (10). Briefly, 2 million T cells from the indicated
treatment were lysed with Qiashredder columns (Qiagen, Valencia, CA)
and frozen at �80°C until samples were collected at all time points. A
Qiagen RNeasy Plus miniprep kit was used to isolate total mRNA, and
first-strand cDNA synthesis starting with 200 ng of mRNA was performed
using an Applied Biosystems cDNA kit (Applied Biosystems Life Technol-
ogies, Carlsbad, CA). qRT-PCRs were run and analyzed on an ABI 7300
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thermal cycler, and the dissociation melting point and agarose gel electro-
phoresis were used to confirm the size and uniformity of all products.
�-Actin was used to normalize samples, and the comparative threshold
cycle (CT) method was used to quantify relative mRNA expression as
previously described (10). The primer sets used were used �-actin (for-
ward [Fwd], 5=-CAGCTTCTTTGCAGCTCCTT; reverse [Rev], 5=GACC
AGCGCAGCGATA); CD69 (Fwd, 5=-TGGTCCTCATCACGTCCTTAA
TAA; Rev, 5=-TCCAACTTCTCGTACAAGCCTG); Cyclin E1 (Fwd, 5=-G
ACCTTTCAGTCCGCTCCA; Rev, 5=-CAATCTTGGCAATTTCTTCA
TC); and Cdk2 (Fwd, 5=-TGCACCAGGACCTCAAGAAA; Rev, 5=-ACG
GTGAGAATGGCAGAAAG).

RESULTS
The CARMA1- and TAK1-binding sites in ADAP are critical for
T cell proliferation and cell cycle progression. We used an in
vitro stimulation system to examine the requirements for ADAP in
promoting proliferation and cell cycle progression following TCR
stimulation. Purified wild-type or ADAP-deficient naïve T cells

expressing the hCAR transgene were infected with adenovirus
constructs expressing a Thy1.1 marker gene and wild-type ADAP
or mutant ADAP constructs with selective mutation of motifs that
regulate binding of ADAP to either SKAP55 (ADAP�SKAP),
CARMA1 (ADAP�CAR), or TAK1 (ADAP�TAK) prior to label-
ing with CFSE and stimulation with immobilized anti-CD3 and
anti-CD28 antibodies (5, 24, 38). Consistent with previous results
(38), each ADAP construct was expressed at comparable levels in
ADAP�/� DO11.10 T cells, as shown by flow cytometry for Thy1.1
expression (Fig. 1A) and Western blotting for ADAP (Fig. 1B).
ADAP�/� T cells infected with a control adenovirus exhibited
impaired proliferation compared to control T cells infected with
the same control adenovirus (Fig. 1C). Wild-type ADAP restored
proliferation to levels similar to those for control T cells (Fig. 1C).
In contrast, expression of either the ADAP�CAR or ADAP�TAK
mutant of ADAP failed to restore proliferation. These mutants are

FIG 1 Impaired proliferation and block in G1-S transition in ADAP�/� T cells upon CD3/CD28 stimulation. Purified naïve hCAR control (Ctrl) or hCAR/
ADAP�/� T cells were transduced with control adenovirus expressing Thy1.1 (Thy) or adenovirus expressing Thy1.1 and wild-type ADAP (WT), ADAP�CAR
mutant (�CAR), ADAP�TAK mutant (�TAK), or ADAP�SKAP mutant (�SKAP). (A) Cells were stained with anti-Thy1.1-APC and analyzed by flow
cytometry. (B) Cell lysates were prepared, and Western blotting was performed with anti-ADAP antibody. (C) Cells were labeled with CFSE and stimulated with
anti-CD3 and anti-CD28 antibodies for 42 h prior to flow cytometry analysis. (D) Cell cycle analysis was performed on the transduced T cells using DAPI staining.
Results for both the proliferation and cell cycle analysis are representative of at least five independent experiments.

Srivastava et al.

1910 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


not globally nonfunctional, as we previously demonstrated that
they restore defects in integrin-dependent conjugate formation
when expressed in ADAP�/� T cells (5, 24). TCR stimulation with
immobilized antibody in this in vitro system obviates the usual
requirement for integrin-dependent T cell adhesion to an antigen-
presenting cell. Thus, we observed that the ADAP�SKAP mutant,
which does not restore the conjugate defect in ADAP�/� T cells (4,
5), is nevertheless able to restore proliferation to levels compara-
ble to those for wild-type ADAP (Fig. 1C).

In order to examine a more physiological response that re-
quires integrin-dependent adhesive interactions with an antigen-
presenting cell, we transferred CFSE-labeled DO11.10 T cells into
recipient mice and then challenged them 1 day later with antigen
(ovalbumin peptide aa 323 to 339). Similar to the results observed
in vitro, DO11.10 ADAP�/� T cells exhibited dramatically im-
paired proliferation in response to antigen challenge in vivo that
was restored by expression of wild-type ADAP but not the
ADAP�CAR or ADAP�TAK mutant (Fig. 2A). However, in this
in vivo system, the ADAP�SKAP mutant did not restore prolifer-
ation to the levels observed with either control T cells or ADAP�/�

T cells expressing wild-type ADAP (Fig. 2A). We conclude that the
CARMA1- and TAK1-binding sites in ADAP are critical for TCR-
mediated proliferation both in vitro and in vivo.

The impaired proliferative response of ADAP�/� T cells and
ADAP�/� T cells expressing the ADAP�CAR or ADAP�TAK

mutant both in vitro and in vivo was associated with a dramatic
increase in the percentage of T cells in the G1 phase of the cell cycle,
with very few cells in the S or G2/M phases of the cell cycle (Fig. 1D
and 2B). This result suggests that ADAP�/� T cells have a block in
G1-S-phase transition following TCR stimulation that is depen-
dent on the CARMA1- and TAK1-binding sites in ADAP. Com-
pared to control T cells or ADAP�/� T cells expressing wild-type
ADAP, ADAP�/� T cells expressing the ADAP�SKAP mutant
that were activated in vivo but not in vitro exhibited an increase in
the percentage of cells in the G1 phase and a decrease in the per-
centage of cells in the S phase (Fig. 1D and 2B). This is consistent
with the partial restoration of proliferation observed in vivo with
the ADAP�SKAP mutant (Fig. 2A).

Differential regulation of cyclin E and Cdk2 by the
CARMA1- and TAK1-binding sites in ADAP. Since activated
ADAP�/� T cells exhibit a G1-S transition block, we examined the
induction of G1-phase cell cycle regulatory mRNA and proteins
during CD3/CD28 stimulation of control and ADAP�/� T cells.
We first assessed mRNA levels at various time points after CD3/
CD28 stimulation. At all of the time points examined, there was
no impairment in mRNA levels for the early-G1-phase D-type
cyclins or Cdk4 (data not shown) or the late-G1-phase cell cycle
proteins cyclin E and its partner, Cdk2 (Fig. 3A), in ADAP�/� T
cells. For cyclin E, we consistently observed elevated levels of cyclin E
mRNA after 24, 32, and 48 h of CD3/CD28 stimulation of ADAP�/�

FIG 2 Impaired proliferation and block in G1-S transition in ADAP�/� T cells upon antigen challenge in vivo. (A) Naïve DO11.10 hCAR control (Ctrl) or
DO11.10 hCAR/ADAP�/� T cells were transduced with control adenovirus expressing Thy1.1 (Thy) or adenovirus expressing Thy1.1 and wild-type ADAP
(WT), ADAP�CAR mutant (�CAR), ADAP�TAK mutant (�TAK), or ADAP�SKAP mutant (�SKAP), stained with CFSE, and then transferred into BALB/c
mice. Two hours after T cell transfer, host mice were injected with OVAp and spleens were harvested 42 h after OVAp injection. T cells expressing Thy1.1 and the
DO11.10 T cell receptor were identified by flow cytometry and analyzed for CFSE dye dilution. (B) CD4 T cells transduced and transferred as described for panel
A were analyzed for cell cycle transition using DAPI staining. Results for both the proliferation and cell cycle analysis are representative of at least three
independent experiments.
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T cells. Cyclin E protein was clearly detectable at 24 h after CD3/CD28
stimulation of wild-type control T cells and remained elevated at 32
and 48 h (Fig. 3B). In contrast, cyclin E protein was only transiently
expressed in ADAP�/� T cells following CD3/CD28 stimulation. Cy-
clin E was detected at 17 and 24 h after CD3/CD28 stimulation of
ADAP�/� T cells but was not observed at the 32- and 48-h time
points. While increased expression of Cdk2 was observed following
CD3/CD28 stimulation of wild-type T cells, we failed to observe in-
creased Cdk2 protein in CD3/CD28-stimulated ADAP�/� T cells at
any of the time points examined (Fig. 3B).

Since cyclin E levels are regulated by ubiquitin-dependent pro-
teasomal degradation (6, 20, 25, 37, 40), we next sought to assess
changes in cyclin E ubiquitination in the absence of ADAP. We
immunoprecipitated cyclin E from wild-type and ADAP�/� T
cells stimulated for 24 h, a time point at which similar levels of
cyclin E are present in both cell types (Fig. 3B). Western blotting
with an anti-ubiquitin antibody showed that compared to wild-
type T cells, ubiquitination was markedly elevated in cyclin E im-
munoprecipitates from ADAP�/� T cells (Fig. 3C). These results
indicate that the transient expression of cyclin E in ADAP�/� T
cells following CD3/CD28 stimulation is associated with en-
hanced ubiquitination of cyclin E.

We next used the panel of ADAP mutants to determine the
mechanism of ADAP-dependent control of cyclin E stability.

CD3/CD28 stimulation resulted in comparable induction of D-
type cyclins and Cdk4, which are induced in the early G1 phase of
the cell cycle, in control T cells, ADAP�/� T cells, and ADAP�/� T
cells expressing wild-type or mutant ADAP constructs (Fig. 4A).
In contrast, CD3/CD28 stimulation of ADAP�/� T cells failed to
result in the induction of cyclin E and Cdk2 (Fig. 4A). Expression
of the ADAP�CAR mutant in ADAP�/� T cells did not restore
induction of either cyclin E or Cdk2 (Fig. 4A). CD3/CD28 stimu-
lation of ADAP�/� T cells expressing the ADAP�TAK mutant
resulted in only a minimal induction of cyclin E expression but did
lead to Cdk2 induction that was similar to that observed in control
T cells and ADAP�/� T cells expressing wild-type ADAP. The
ADAP�SKAP mutant fully restored induction of both cyclin E
and Cdk2 (Fig. 4A and densitometry in Fig. 4B). We also stimu-
lated ADAP�/� T cells expressing the panel of ADAP mutants for
24 h and assessed cyclin E ubiquitination (Fig. 4C). Consistent
with Fig. 3C, hyperubiquitination of immunoprecipitated cyclin E
was observed in ADAP�/� T cells expressing the control virus
(Fig. 4C). Expression of either wild-type ADAP or the
ADAP�SKAP mutant resulted in a reduction in cyclin E ubiquiti-
nation down to levels observed with stimulated control T cells. In
contrast, the ubiquitination of cyclin E remained elevated in acti-
vated ADAP�/� T cells expressing the ADAP�CAR or
ADAP�TAK mutants (Fig. 4C). These results suggest that the

FIG 3 ADAP is critical for efficient cyclin E and Cdk2 accumulation. (A and B) Purified naïve control (Ctrl) or ADAP�/� CD4 T cells were activated with
anti-CD3 and anti-CD28 antibodies for the indicated times, and cell extracts were prepared for qRT-PCR or Western blotting. (A) qRT-PCR showing fold change
relative to �-actin for the early activation marker CD69, cyclin E, and Cdk2. (B) Total cell lysates from the indicated time course performed in parallel with the
experiments whose results are shown in panel A were subjected to Western blotting with antibodies to cyclin E, Cdk2, and �-actin. (C) Wild-type or ADAP�/�

T cells were activated with anti-CD3 and anti-CD28 antibodies for 24 h. Cyclin E immunoprecipitates or control IgG were prepared, and Western blots were
probed for cyclin E and ubiquitin. IP, immunoprecipitation; KO, knockout. Results are representative of two independent experiments performed.
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CARMA1- and TAK1-binding sites in ADAP are both critical for
cyclin E induction, while the CARMA1-binding site is singularly
critical for Cdk2 induction.

We also examined cyclin E and Cdk2 levels following CD3/
CD28 stimulation of CARMA1�/� T cells. Similar to our results
with ADAP�/� T cells, activation of CARMA1�/� T cells did not
result in induction of cyclin E or increases in Cdk2 protein (Fig.
5A). However, while cyclin E was clearly detectable 24 h after
CD3/CD28 stimulation of ADAP�/� T cells, we failed to detect
cyclin E at this same time point in CARMA1�/� T cells (Fig. 5A).

The CARMA1-binding site in ADAP regulates JNK-medi-
ated induction of Cdk2. As we previously demonstrated that the
CARMA1- and TAK1-binding sites in ADAP were both critical for
TCR-mediated activation of NF-�B (24, 38), the impairment of
Cdk2 induction in ADAP�/� T cells expressing the ADAP�CAR
but not the ADAP�TAK mutant suggests that Cdk2 induction is
not dependent on NF-�B. CARMA1-deficient T cells have been
reported to have a defect in JNK phosphorylation following CD3/
CD28 stimulation (3, 17). We directly compared JNK phosphor-
ylation, cyclin E levels, and Cdk2 levels in CARMA�/� T cells
and ADAP�/� T cells following CD3/CD28 stimulation (Fig. 5A).
Consistent with previous studies, we observed impaired JNK phos-
phorylation following CD3/CD28 stimulation of CARMA1�/� T
cells (Fig. 5A). When we examined ADAP�/� T cells, we also ob-
served that CD3/CD28 stimulation resulted in impaired JNK phos-
phorylation (Fig. 5A and B). While expression of the ADAP�TAK
mutant or the ADAP�SKAP mutant in ADAP�/� T cells restored
JNK phosphorylation, expression of the ADAP�CAR mutant failed
to restore JNK phosphorylation (Fig. 5B). Thus, the CARMA1-bind-
ing site in ADAP is critical for Cdk2 induction and JNK phosphory-
lation.

To further define a role for JNK signaling in the induction of
Cdk2 in activated T cells, we demonstrated that treatment of
ADAP�/� T cells expressing wild-type ADAP with the JNK inhib-
itor SP600125 (2) blocked c-Jun phosphorylation and Cdk2 in-
duction following CD3/CD28 stimulation (Fig. 5C). Similar re-
sults were obtained with ADAP�/� T cells expressing the
ADAP�TAK mutant (Fig. 5C), which is also consistent with their
normal levels of JNK activation (Fig. 5B) and Cdk2 induction (Fig.
4A). Treatment of ADAP�/� T cells expressing wild-type ADAP
with the JNK inhibitor did not affect cyclin E induction (Fig. 5C).
The concentrations of the JNK inhibitor used in these experiments
did not affect the viability of the T cells (data not shown). These
results are consistent with a JNK-independent mechanism by
which TCR stimulation results in induction of cyclin E.

The CARMA1-binding site in ADAP is critical for phosphor-
ylation and recruitment of MKK7. To establish a mechanism by
which ADAP regulates JNK activation via CARMA1, we examined
the phosphorylation status of JNK and of MKK7 and MKK4,
which have both been reported to serve as mitogen-activated pro-
tein (MAP) kinase kinases for JNK (9). CD3/CD28 stimulation of
control T cells resulted in rapid phosphorylation of JNK (Fig. 6A)
and MKK4 and MKK7 (Fig. 6B). While MKK4 phosphorylation
was unaffected by the loss of ADAP, MKK7 phosphorylation and
JNK phosphorylation were impaired at early time points after
CD3/CD28 stimulation of ADAP�/� T cells. Defects in MKK7
phosphorylation in ADAP�/� T cells were most evident at 10 and
20 min after stimulation (Fig. 6B). CARMA1-deficient T cells also
exhibited a defect in MKK7 phosphorylation following CD3/
CD28 stimulation (Fig. 6C). We also examined the activation-

FIG 4 ADAP interaction with CARMA1 and TAK1 is critical for expression
and maintenance of Cdk2 and cyclin E. (A) Naïve hCAR control type (Ctrl) or
hCAR ADAP�/� T cells (ADAP�/�) were transduced with control adenovirus
expressing Thy1.1 (Thy) or adenovirus expressing Thy1.1 and wild-type
ADAP (WT), ADAP�CAR mutant (�CAR), ADAP�TAK mutant (�TAK), or
ADAP�SKAP mutant (�SKAP) and then stimulated with anti-CD3 and anti-
CD28 antibodies for 48 h. Lysates were probed for cyclin E (Cyc E), phospho-
Cdk2 (p-cdk2), Cdk2, cyclin D1 (Cyc D1), cyclin D2 (Cyc D2), and Cdk4. (B)
Densitometry values for cyclin E and Cdk2 from three independent experi-
ments performed as described for panel A were obtained using Odyssey soft-
ware. Values were normalized to the control wild-type unstimulated level and
are expressed as arbitrary units (A.U.). (C) Cells transduced and activated as
described for panel A were harvested at 24 h and immunoprecipitated for
cyclin E, and Western blots were performed for cyclin E and ubiquitin. Similar
results were obtained in two independent experiments.
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dependent recruitment of both MKK7 and MKK4 to PKC� in
control and ADAP�/� T cells. While there was minimal coimmu-
noprecipitation of either MKK7 or MKK4 with PKC� in unstimu-
lated T cells, CD3/CD28 stimulation resulted in coimmunopre-
cipitation of both MKKs within 10 min and was sustained out to

FIG 5 The CARMA1-binding site in ADAP is critical for TCR-dependent JNK
activation and induction of Cdk2. (A) Control (Ctrl), CARMA�/�, and
ADAP�/� T cells were stimulated with anti-CD3 and anti-CD28 antibodies for
48 h, lysed, and analyzed by Western blotting with antibodies specific for JNK,
phospho-JNK, cyclin E, Cdk2, and �-actin. (B) Naïve hCAR control or hCAR/
ADAP�/� T cells were transduced with control adenovirus expressing Thy1.1
(Thy) or adenovirus expressing Thy1.1 and wild-type ADAP (WT),
ADAP�CAR mutant (�CAR), ADAP�TAK mutant (�TAK), or
ADAP�SKAP mutant (�SKAP) and then stimulated with anti-CD3 and anti-
CD28 antibodies. Lysates were probed by Western blotting with anti-phos-
pho-JNK (p-JNK) and anti-JNK antibodies. (C) Naïve hCAR control or
hCAR/ADAP�/� T cells were transduced with the indicated adenoviruses as
described for panel B and stimulated with anti-CD3 and anti-CD28 antibodies
for 48 h in the presence (�SP) or absence (�SP) of the JNK inhibitor
SP6000125 (30 �M). Cells were harvested, lysed, and probed by Western blot-
ting with anti-phospho-c-Jun, anti-c-Jun, anti-cyclin E, and anti-Cdk2 anti-
bodies. Similar results were observed in at least three independent experi-
ments.

FIG 6 The CARMA1-binding site in ADAP regulates TCR-mediated activa-
tion of MKK7. (A and B) Naïve control (Ctrl) and ADAP�/� T cells were
stimulated for the indicated time points (min) with anti-CD3 and anti-CD28
antibodies. Cell lysates were analyzed by Western blotting with antibodies
specific for JNK and phospho-JNK (A) or MKK7, MKK4, phospho-MKK7
(p-MKK7), and phospho-MKK4 (B). (C) Naïve control, CARMA1�/�, and
ADAP�/� T cells were stimulated as described for panels A and B. Cell lysates
were analyzed by Western blotting with antibodies specific for MKK7 and
phospho-MKK7. (D) Naïve hCAR control or hCAR/ADAP�/� T cells were
transduced with control adenovirus expressing Thy1.1 (Thy) or adenovirus
expressing Thy1.1 and wild-type ADAP (WT), ADAP�CAR mutant (�CAR),
ADAP�TAK mutant (�TAK), or ADAP�SKAP mutant (�SKAP) and then
stimulated with anti-CD3 and anti-CD28 antibodies for 20 min. Cell lysates
were analyzed by Western blotting with antibodies specific for phospho-
MKK7, phospho-MKK4, and phospho-ERK (p-ERK). Similar results were ob-
tained in at least three independent experiments.
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30 min (Fig. 7A). In ADAP�/� T cells, there was a dramatic im-
pairment in the coimmunoprecipitation of MKK7, but not
MKK4, with PKC� following CD3/CD28 stimulation (Fig. 7A).

Expression of wild-type ADAP in ADAP�/� T cells restored
CD3/CD28-mediated MKK7 phosphorylation (Fig. 6D) and asso-
ciation with PKC� (Fig. 7B). The ADAP�TAK and ADAP�SKAP
mutants were also able to restore MKK7 phosphorylation (Fig.
6D) and PKC� association to levels observed with wild-type
ADAP (Fig. 7B). In contrast, the ADAP�CAR mutant was unable
to rescue this defect in MKK7 phosphorylation and PKC� associ-
ation (Fig. 6D and 7B). Since Bcl10 has been proposed to be a
scaffold that nucleates CARMA1-dependent recruitment of
TAK1, MKK7, and JNK following TCR stimulation (3), we also
examined the function of ADAP in this recruitment to Bcl10.
Consistent with previous studies in Jurkat T cells (3), CD3/CD28
stimulation resulted in inducible association of Bcl10 with MKK7,
TAK1, and JNK (Fig. 7C). In ADAP�/� T cells, the association of
Bcl10 with MKK7 and TAK1 but not with JNK was impaired (Fig.

7C). Expression of wild-type ADAP or the ADAP�SKAP mutant
in ADAP�/� T cells restored the Bcl10 association with TAK1 and
MKK7. The ADAP�CAR mutant was unable to restore the Bcl10
association with either MKK7 or TAK1, while the ADAP�TAK
mutant restored the Bcl10 association with MKK7 but not TAK1
(Fig. 7C). Overall, these results suggest that the CARMA1-binding
site in ADAP plays a critical role in JNK signaling by regulating
MKK7 phosphorylation and recruitment with TAK1 to the PKC�
signalosome via Bcl10.

DISCUSSION

T cells lacking expression of the multifunctional scaffold protein
ADAP exhibit impaired proliferation in response to stimulation of
the T cell receptor (16, 27, 28). In this study, we have demon-
strated that the inability of ADAP-deficient T cells to respond
optimally to this mitogenic signal is associated specifically with a
G1-S-phase block in cell cycle progression and the impaired in-
duction of the late G1-S-phase transition proteins Cdk2 and cyclin
E. Using ADAP mutants that selectively disrupt the constitutive
association of ADAP with SKAP55 or the inducible association of
ADAP with CARMA1 or TAK1, we demonstrate a critical require-
ment for the CARMA1-binding site in ADAP for the TCR-depen-
dent induction of both cyclin E and Cdk2. As CARMA1�/� T cells
also exhibit a defect in TCR-mediated T cell proliferation (12) and
induction of cyclin E and Cdk2 (Fig. 5A) and the CARMA1-bind-
ing site in ADAP is critical for the TCR-mediated formation of the
CBM signalosome (24), our results suggest that the induction of
both cyclin E and Cdk2 is dependent on the efficient formation of
this signalosome. We recently identified a distinct site in the C-
terminal end of ADAP that is critical for the TCR-inducible asso-
ciation of ADAP with the TAK1 kinase (38). TCR stimulation of T
cells expressing an ADAP mutant lacking the TAK1-binding site
results in efficient formation of the CBM signalosome but im-
paired IKK	/� phosphorylation. Consequently, NF-�B activation
remains impaired in T cells expressing the ADAP�TAK mutant
(38). Our finding that the TCR-dependent induction of cyclin E is
not restored in ADAP�/� T cells expressing either the
ADAP�CAR or ADAP�TAK mutant is consistent with a model
where cyclin E induction is regulated by ADAP-dependent activa-
tion of NF-�B via CBM signalosome assembly. Although other
studies have demonstrated a role for NF-�B in regulating cyclin E
induction (14, 23), we did not find that a loss of ADAP impaired
the transcriptional activation of cyclin E following T cell stimula-
tion. Instead, we observed accelerated loss of cyclin E protein in
ADAP�/� T cells following CD3/CD28 stimulation. In our kinetic
analysis of cyclin E expression, we could detect cyclin E only tran-
siently in ADAP�/� T cells at 24 h after stimulation. Furthermore,
there was dramatically increased detection of ubiquitin in cyclin E
immunoprecipitates from ADAP�/� T cells activated for 24 h.
Our results suggest that ADAP restrains cyclin E ubiquitination
via a mechanism that is dependent on ADAP interactions with
CARMA1 and TAK1, as expression of either the ADAP�CAR or
ADAP�TAK mutant did not reduce cyclin E ubiquitination at 24
h or restore cyclin E expression at the later 48-h time point.

Our results document a novel function for ADAP in control-
ling the ubiquitin-mediated degradation of cyclin E. Two distinct
E3 ligases, cullin-3 and SCFFbw7, facilitate cyclin E ubiquitination.
Cyclin E that is not complexed with Cdk2 is targeted by cullin-3 (6,
37), while cyclin E phosphorylation following association of cyclin
E with Cdk2 results in the recognition of cyclin E by SCFFbw7 (20, 25,

FIG 7 TCR-inducible MKK7 recruitment is dependent on the CARMA1-
binding site in ADAP. (A) Naïve control (Ctrl) and ADAP�/� T cells were
stimulated for the indicated time points (min) with anti-CD3 and anti-CD28
antibodies. PKC� immunoprecipitates were analyzed by Western blotting
with antibodies specific for MKK4, MKK7, and PKC�. (B) Naïve hCAR control
or hCAR/ADAP�/� T cells were transduced with control adenovirus express-
ing Thy1.1 (Thy) or adenovirus expressing Thy1.1 and wild-type ADAP (WT),
ADAP�CAR mutant (�CAR), ADAP�TAK mutant (�TAK), or
ADAP�SKAP mutant (�SKAP) and then stimulated with anti-CD3 and anti-
CD28 antibodies for 20 min. Cell lysates were subjected to immunoprecipita-
tion with either an anti-PKC� antibody or an anti-Bcl10 antibody and then
analyzed by Western blotting with antibodies specific for MKK7, MKK4,
PKC�, TAK1, JNK, or Bcl10. Results are representative of three independent
experiments performed.
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40, 48). The role of ADAP in regulating the function of these two
ligases is under investigation. It is interesting to note that in T cells
expressing the ADAP�TAK mutant, cyclin E ubiquitination remains
elevated, although the levels of Cdk2 are comparable to those found
in wild-type T cells. This suggests the possibility that ADAP might
control distinct steps in the posttranslational modification of cyclin E
that lead to its degradation. It is also notable that at 24 h postactiva-
tion, we can detect cyclin E in ADAP�/� T cells but not in
CARMA1�/� T cells (Fig. 3B). The reason for this difference is cur-
rently not known, but it is possible that the complete absence of
CARMA1 results in such rapid cyclin E degradation that it cannot be
detected in our activated T cells. This is consistent with our previous
work showing that T cells lacking ADAP do not have a complete
block in the formation of the CBM signalosome (24).

While the induction of cyclin E following TCR stimulation is
dependent on both the CARMA1- and TAK1-binding sites in
ADAP, the induction of Cdk2 following TCR stimulation is de-
pendent only on the CARMA1-binding site. This suggests that
Cdk2 is regulated by a CARMA1-dependent signaling pathway
that is distinct from the NF-�B pathway. We focused on the JNK
pathway, as T cells lacking either CARMA1 or Malt1 have defects
in TCR-mediated activation of JNK (3, 15, 17, 33). The proteolytic
activity of Malt1 also regulates JNK signaling in T cells (39), al-
though there are conflicting reports on the integrity of the JNK
signaling pathway in Malt1�/� T cells following T cell stimulation
(31, 33). We confirmed the impaired activation of JNK in
CARMA1�/� T cells and also demonstrated that ADAP�/� T cells
exhibit a defect in JNK activation. Analysis of ADAP�/� T cells
expressing the panel of ADAP mutants clearly defined a role for
the CARMA1-binding site and not the TAK1-binding site in
ADAP for JNK signaling. Together with our finding that a JNK
inhibitor blocks the induction of Cdk2 both in wild-type T cells
and in ADAP�/� T cells expressing the ADAP�TAK mutant, our
results suggest that CARMA1-dependent regulation of JNK acti-
vation is critical for downstream induction of Cdk2 following T
cell activation. As Cdk2 mRNA levels following CD3/CD28 stim-
ulation are not affected by the loss of ADAP, our results suggest
that the Cdk2 gene is not a direct downstream target of JNK.

Like other members of the MAPK family of kinases, JNK is
phosphorylated and activated by MAP kinase kinases (MKKs),
which are also phosphorylated and activated by an upstream MAP
kinase kinase kinase (MKKK) (8). Both MKK4 and MKK7 have
been proposed to be MKKs for JNK. Our studies suggest that
MKK7 is particularly critical for JNK activation in T cells, as the
loss of JNK signaling in ADAP�/� T cells and ADAP�/� T cells
expressing the ADAP�CAR mutant is associated with a loss of
MKK7 phosphorylation and recruitment to the PKC� signalo-
some following TCR stimulation. In contrast, MKK4 phosphory-
lation and recruitment to the PKC� signalosome is not affected by
the loss of ADAP. Our results are consistent with the known role of
MKK7 as an MKK for JNK and with previous work indicating that
MKK7 inducibly associates with Bcl10 in Jurkat T cells (3). TAK1
is a critical MKKK for JNK, as there is a loss of TCR-mediated
activation of JNK in TAK1�/� thymocytes and effector T cells (22,
43). Thus, it is somewhat surprising that the TAK1-binding site in
ADAP is not required for efficient activation of JNK and JNK-depen-
dent activation of Cdk2. Our results suggest that the interaction of
TAK1 with ADAP is required for TAK1-dependent phosphorylation
of IKK	/� (38) but not for TAK1-dependent activation of JNK. Al-

ternatively, it is possible that an MKKK distinct from TAK1 may be
involved in ADAP-dependent activation of JNK.

Bcl10 has been proposed to serve as a scaffold that brings to-
gether TAK1, MKK7, and JNK2 following stimulation of Jurkat T
cells with phorbol myristate acetate and ionomycin (3). We ex-
tended these findings by showing that CD3/CD28 stimulation of
naïve T cells results in the association of Bcl10 with TAK1, MKK7,
and JNK. Analysis of ADAP�/� T cells and ADAP�/� T cells ex-
pressing ADAP mutants revealed differential roles for ADAP and
the CARMA1- and TAK1-binding sites in ADAP in the regulation
of Bcl10 interactions with these molecules. The association of
Bcl10 with both MKK7 and TAK1 but not JNK is affected by the
loss of ADAP. The recruitment of TAK1 to Bcl10 is dependent on
both the CARMA1- and TAK1-binding sites in ADAP, while the
association of Bcl10 with MKK7 is dependent on the CARMA1-
binding site in ADAP. As JNK activation is also dependent on the
CARMA1-binding site but not the TAK1-binding site in ADAP,
these results suggest a critical function for MKK7 recruitment to the
CBM complex in ADAP-dependent regulation of JNK signaling. Pre-
vious studies using Jurkat T cells also suggest a selective role for
CARMA1 in regulating activation of JNK2 but not JNK1 (3). Our
results, obtained with an antibody that recognizes both JNK1 and
JNK2, suggest a defect in total JNK activation in primary T cells and
are consistent with other published work (15, 17, 26).

In addition to regulating NF-�B and JNK signaling, ADAP also
promotes the efficient interaction of T cells with antigen-present-
ing cells by regulating the functional activity of integrin receptors.
These distinct functions of ADAP are controlled by two biochem-
ically distinct pools in T cells defined by the constitutive associa-
tion of one pool of ADAP with SKAP55 (4). The fraction of ADAP
that is associated with SKAP55 regulates integrin function and
does not interact with the CBM signalosome following TCR stim-
ulation (4). Analysis of the ADAP mutant lacking the SKAP55-
binding site (ADAP�SKAP) revealed that this mutant is able to
restore Cdk2 and cyclin E induction and JNK signaling, when
expressed in ADAP�/� T cells. This is consistent with our previous
work showing that this mutant of ADAP can efficiently restore
NF-�B signaling when expressed in ADAP�/� T cells (5). The
ADAP�SKAP mutant is also able to fully restore T cell prolifera-
tion in response to CD3/CD28 stimulation in vitro, even though
this mutant does not restore integrin function in ADAP�/� T cells
(5). This is likely due to the specific in vitro conditions that we used
in this study, where T cell activation mediated by immobilized
antibodies bypasses any contribution of integrins to facilitating
signals provided to the TCR. We also examined the response of
ADAP�/� T cells expressing the ADAP�SKAP mutant to antigen
challenge in vivo, where T cell stimulation involves the integrin-
dependent interaction of T cells with an antigen-presenting cell.
Under these conditions, we did observe that the ADAP�SKAP
mutant was unable to restore T cell proliferation to the levels
observed with wild-type T cells or ADAP�/� T cells expressing
wild-type ADAP. This is consistent with a requirement for the
ADAP/SKAP55 complex in promoting efficient T cell interactions
with antigen-presenting cells (4, 45). This pool of ADAP may set a
critical threshold that must be reached in order to trigger optimal
T cell stimulation.

In summary, we propose that ADAP regulates TCR-mediated
proliferation and cell cycle progression by coordinately regulating
the expression levels of cyclin E and Cdk2. The CARMA1- and
TAK1-binding sites in ADAP are both critical for regulating the
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ubiquitination status and, thus, the stability of cyclin E following
TCR stimulation. The CARMA1-binding site in ADAP also plays a
distinct function in regulating the activation and recruitment of
MKK7 to the PKC� signalosome by facilitating formation of the
CBM complex, resulting in JNK-mediated induction of Cdk2. To-
gether, these ADAP-dependent pathways promote the induction
of these key G1-S transition proteins required for optimal T cell
proliferation and cell cycle progression. These findings provide
novel insights into the mechanistic basis for impaired proliferative
responses of ADAP�/� T cells and the biochemical pathways that
control the expression of cell cycle regulatory proteins.
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