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Death-associated protein kinase (DAPK) is a unique multidomain kinase acting both as a tumor suppressor and an apoptosis
inducer. The molecular mechanism underlying the effector function of DAPK is not fully understood, while the role of DAPK in
T lymphocyte activation is mostly unknown. DAPK was activated after TCR stimulation. Through the expression of a dominant-
negative and a constitutively active form of DAPK in T cells, we found that DAPK negatively regulated T cell activation. DAPK
markedly affected T cell proliferation and IL-2 production. We identified TCR-induced NF-�B activation as a target of DAPK.
In contrast, IL-1�- and TNF-�-triggered NF-�B activation was not affected by DAPK. We further found that DAPK selectively
modulated the TCR-induced translocation of protein kinase C�, Bcl-10, and I�B kinase into membrane rafts. Notably, the effect
of DAPK on the raft entry was specific for the NF-�B pathway, as other raft-associated molecules, such as linker for activation
of T cells, were not affected. Our results clearly demonstrate that DAPK is a novel regulator targeted to TCR-activated NF-�B
and T cell activation. The Journal of Immunology, 2008, 180: 3238–3249.

D eath-associated protein kinase (DAPK)3 is a multido-
main 160-kDa calcium/calmodulin-regulated Ser/Thr
kinase (1–3). The kinase domain is located at the N

terminus, followed by a calcium/calmodulin regulatory segment,
ankyrin repeats, and a cytoskeleton-binding region. A death do-
main is situated near the C-terminal end of DAPK. In the resting
state, the calcium/calmodulin regulatory sequence interacts with
the peptide-binding site of the catalytic subunit and prevents sub-
strate binding. Calcium-activated calmodulin removes this inhib-
itory self-association, and thus deletion of the calcium/calmodulin
regulatory segment converts DAPK into a constitutively active
kinase (4). On the contrary, alanine mutation of the key lysine
residue in the kinase domain to alanine (K42A) nullifies kinase
activity, and [K42A]DAPK acts as a dominant-negative (DN)
form (4).

DAPK is a well-known tumor suppressor (2). Part of this tumor-
suppressing activity by DAPK could be attributed to the sensi-
tization of cancer cells to apoptosis. DAPK has been shown to

participate in many different types of cell death, such as IFN-
�-induced cell death (5), TNF-�- and Fas-triggered apoptosis
(6), TGF-�-induced cell death (7), ceramide-mediated apopto-
sis (8, 9), matrix detachment-induced apoptosis (10), autoph-
agic cell death (11), neurotoxin-induced apoptosis (12), netrin-1
receptor uncoordinated protein 5 homolog 2 (UNC5H2)-medi-
ated apoptosis (13), and ERK-triggered cell death (14).

The molecular mechanism underlying the proapoptotic function
of DAPK is not fully understood, but it is believed that the death
domain of DAPK may contribute to this activity (6, 15). Up-reg-
ulation of p53 is seen in some models of DAPK-induced cell death
(16). The proapoptotic activity of DAPK is also linked to an in-
teraction with actin cytoskeleton (4). Autophage vesicle formation,
death-associated morphological change, and stress fiber formation
involve DAPK-induced phosphorylation of myosin II regulatory L
chain (MLC) (3, 4, 17–19). MLC is also phosphorylated by zipper-
interacting protein kinase, the kinase activated by DAPK (10, 20).
In addition, DAPK inhibits integrin activity and cell adhesion (10,
21). DAPK may also act as a sensor for mitochondrial membrane
potential (12). At the signaling level, there is an interesting cross-
talk between DAPK and ERK in the regulation of apoptosis.
DAPK enhances ERK retention in the cytoplasm to reduce nuclear
signaling of ERK (22). The phosphorylation of DAPK by p90
ribosomal S6 kinase, a kinase downstream of ERK, leads to re-
duced DAPK apoptotic activity (23).

NF-�B is a potent antiapoptotic transcription factor (24). NF-�B
induces the expression of several key survival gene products in-
cluding cellular inhibitors of apoptosis (c-IAPs), X chromosome-
linked IAP, cellular FLIP, A1, Bcl-xL, growth arrest and DNA
damage-45�, and TNFR-associated factors 1 and 2. Perceivably,
inhibition of NF-�B enhances apoptosis induction at various stages
of apoptotic cascade. NF-�B is also an essential survival factor for
T lymphocytes (25–27). The processes from TCR engagement to
NF-�B activation involves phosphorylation of protein kinase C�

(PKC�), assembly of CARD-containing membrane associated
guanylate kinase protein 1, Bcl-10, and mucosa-associated lym-
phoid-tissue lymphoma translocation gene 1 (MALT1) trimolecule
complex, and activation of the I�B kinase (IKK) complex (28–31),
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even though the fine molecular mechanisms are still being un-
veiled (32, 33). The TCR-induced NF-�B activation cascade is
distinct from NF-�B activation pathways downstream of TNFRI,
IL-1R, or TLR (27, 34, 35). In the present study, we examined the
regulatory role of DAPK in T cell activation. We mapped one of
the targets suppressed by DAPK in T cells to NF-�B. In addition,
DAPK selectively inhibited TCR-induced, but not TNF-�- or IL-
1�-triggered, NF-�B activation. As a consequence of the specific
inhibition on NF-�B by DAPK, blockage of DAPK activity led to
greatly enhanced T cell activation. Our results reveal a novel role
of tumor suppressor DAPK in TCR-induced NF-�B activation.

Materials and Methods
T cell culture and retroviral infection

Human T cells were isolated from peripheral blood by the RosetteSep
Human T Cell Enrichment mixture (StemCell Technologies) according to
the suggested protocol. The purity of CD3� T cells was over 97% as
determined by FACS analysis. DO11.10 cells are T cell hybridoma specific
for OVA323–339 in the context of I-Ad (36). All T cells were cultured in
RPMI 1640 medium with 10% FCS (Invitrogen Life Technologies), 10
mM glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin, and 2 �
10�5 M 2-ME. Apoptosis was quantitated by propidium iodide staining
(37). A fraction of cells with subG1 DNA content was determined using the
CELLFIT software program on a FACScan (BD Biosciences).

Wild-type DAPK, [K42A]DAPK, [�CAM]DAPK were subcloned into
pGC-IRES-yellow fluorescent protein (YFP), a homolog of pGC-IRES-
GFP (a gift from Dr. G. Costa, Stanford University, Stanford, CA) to gen-
erate pGC-DAPK-IRES-YFP, pGC-[K42A]DAPK-IRES-YFP, and pGC-
[�CAM]DAPK-IRES-YFP. Retroviruses were generated by transfection of
Phoenix cells (gifts of Dr. G. P. Nolan, Stanford University) with 10 �g of
pGC-YFP or pGC-DAPK-YFP plasmids. Phoenix cell supernatants con-
taining retrovirus were collected 48 h after transfection. Viral titers were
determined using NIH 3T3 cells, and virus stocks with titers �1 � 106

were used for spin infection of DO11.10 T cell hybridoma or Jurkat-Eco T
cells. Forty-eight hours after infection, YFP-expressing DO11.10 cells
were isolated by sorting on FACSVantage SE (BD Biosciences).

Small interfering RNA (siRNA)

Oligonucleotides corresponding to the DAPK-specific siRNA sequence
were subcloned into pSUPER.retro vector (Oligoengene) with both neo and
GFP genes. Retrovirus were packed in 293T cells and used to infect
DO11.10 or Jurkat cells. Forty-eight hours after viral transduction,
DO11.10 and Jurkat cells were resuspended in fresh medium containing
G418 at 1 mg/ml and selected for 2 wk. G418-resistant cells were main-
tained in medium containing 500 �g/ml puromycin and homologous GFP
expression was confirmed by flow cytometry. The sequence of mouse
DAPK siRNA (mDAPKsi) is: CAC CAG TAC CCT TGC CAAA, while
the two sequences for human DAPK siRNA are: CAA GAA ACG TTA
GCA AATG (hsi-1), GGT CAA GGA TCC AAA GAAG (hsi-2), re-
spectively. The sequence of the control siRNA for mouse DAPK and
human DAPK are CAC CAG AAC CAT GGC CAAC and GAT CAA
GAA CAA GAC GCAG, respectively. The specific primers used in
RT-PCR to determine mouse DAPK were: 5�: TCTGAGGATGACCTC,
3�: GCTTTGCTGGTGGAT.

Transgenic mice construction

[K42A]DAPK and [�CAM]DAPK were subcloned into a human CD2 cas-
sette (38), a gift from Dr. D. Kioussis (National Institute for Medical Re-
search, London, U.K.). Transgenic mice were generated in the Transgene/
Knock-Out Core Facility (Institute of Molecular Biology, Academia
Sinica, Taipei, Taiwan). CD2-[K42A]DAPK and CD2-[�CAM]DAPK
were microinjected into the pronuclei of C57BL/6 zygotes. At least three
independent founders from each construct were obtained. All transgenic mice
were maintained in the specific pathogen-free mice facility of the Institute of
Molecular Biology, Academia Sinica. All mouse experiments were conducted
under the approval of the Experimental Animal Committee of Academia
Sinica. The sequence of PCR primers to identify transgenic DAPK were: 5�:
GATGCCGCAGACCTT, 3�: CAGCTCTCAAAGTCAGTG.

Nuclear extract and total cell extract

Harvested cells were lysed in 10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3
mM MgCl2, and 0.5% Nonidet P-40 (Nonidet P-40). The lysates were
incubated on ice for 5 min and then centrifuged at 200 � g for 3 min at

4°C. The pellet (nuclei) was suspended in hypertonic buffer (20 mM
HEPES (pH 7.9), 1.5 mM MgCl2, 0.3 M KCl, 0.5 mM DTT, 1 mM PMSF,
20% glycerol, and 0.4 mM EDTA) and rocked at 4°C for �30 min. After
centrifugation at 12,000 � g for 10 min, the collected supernatant was then
mixed with two volumes of hypertonic buffer (without KCl) and frozen
immediately at �80°C. Total cell extract was prepared by resuspending
cells in hypotonic buffer (10 mM HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM DTT, 0.5 mM PMSF, 100 �g/ml aprotinin, and 1.25 �g/ml
leupeptin) and lysing by three cycles of freezing and thawing. A one-tenth
volume of 3 M KCl was then added to the lysate, rocked at 4°C for 30 min,
and isolated as indicated in nuclear extract. Protein concentration was de-
termined by Bradford assay (Bio-Rad).

Immunoblots

Cell extracts (30–50 �g) were resolved on SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Millipore) for 4 h at 20 V. Mem-
branes were washed in rinse buffer (PBS with 2% Tween 20) at room
temperature for 15 min and incubated in blocking buffer (5% nonfat milk
in rinse buffer) for 1.5 h. The membrane was then incubated with primary
Abs for 2 h at room temperature and afterward washed three times with
rinse buffer. The membrane was then incubated with 1/1000 diluted HRP-
conjugated goat anti-rabbit Ig or HRP-conjugated rabbit anti-mouse Ig,
followed by development with ECL reagents. The Abs used were: anti-
human DAPK (clone DAPK-55) and anti-phospho (S308) DAPK (clone
DKPS308) (Sigma-Aldrich); anti-myc (clone 9E10), anti-ERK2 (C-14),
NF-�B p65, Bcl-10, linker for activation of T cells (LAT), anti-MLC
(Santa Cruz Biotechnology); anti-phospho (T202/Y204) ERK, anti-
phospho (Y191) LAT, anti-I�B�, anti-IKK�, anti-IKK�, anti-PKC�,
anti-phospho-PKC� (T538), and anti-phospho-MLC (Cell Signaling).
Anti-NFAT1, anti-NFAT2, and flotilin-specific Abs were purchased
from BD Pharmingen. Anti-�-tubulin was obtained from Upstate Bio-
technology. HRP-conjugated secondary Abs and ECL were obtained
from Amersham Bioscience.

EMSA

Oligonucleotide probe was end labeled using T4 polynucleotide kinase and
[�-32P]ATP. Nuclear extract (10 �g) was incubated with radiolabeled
probes (0.1–0.5 ng of DNA containing 1 � 104–1.5 � 105 cpm) plus 0.5 �g
of poly(dI-dC) (Pharmacia) in a total volume of 20 �l. The mixture was in-
cubated at room temperature for 20–25 min and electrophoresed through
4–5% native polyacrylamide gel in 22.5 mM Tris-borate/0.5 mM EDTA (pH
8.0) for 3.5 h at 150 V. Gels were dried before autoradiography. Supershifting
was performed by preincubating nuclear extract with 1 �g of Ab for 10 min
at 4°C before probe addition. The NF-�B probe used was from Ig �-chain,
with the sequence: 5�-GAGGGGACTTTCCGAGGGGACTTTCCGAGA.

Lipid raft purification

T cells (3�5 � 107) were activated with plate-bound anti-CD3 (5 �g/ml)
plus anti-CD28 (2.5 �g/ml) at 37°C for 30 min and then lysed in 600 �l of
MNE buffer (25 mM morpholinoethanesulfonic acid (pH 6.5), 150 mM
NaCl, 5 mM EDTA, 30 mM sodium pyrophosphate, 1 mM sodium or-
thovanadate, 10 �g of each protease inhibitor per ml with 0.25% Triton
X-100) for 15 min on ice. The cell lysates were mixed with 600 �l of 80%
sucrose in MNE buffer and transferred to a Beckman Ultracentrifuge tube.
A total of 2.4 ml of 30% sucrose followed by 1.2 ml of 5% sucrose in MNE
buffer was overlaid. Samples were separated by ultracentrifuge in a
SW55Ti rotor at 200,000 � g for 20 h. Fractions (600 �l each) were
collected from the top of the gradient. Analysis of each fraction by immu-
noblots with flotillin indicated that fractions 2–4 represented rafts, while
fractions 7 and 8 were soluble fractions. Raft and soluble fractions were
then pooled and separated for further analysis.

Quantitation by densitometry measurements

For densitometry measurements, the developed films were analyzed on a
Luminescent Image Analyzer LAS-1000 (Fuji Photo Film) using Image
Gauge software (version 3.2). Quant mode was used to select the reading
area and to subtract background. In short, an area just sufficient to cover
each protein band in a film was selected. The selected region was then
duplicated to enclose every band, and the densitometry reading of each
region was recorded. The same region was duplicated on the open area of
the film and was used as the background reading for subtraction. After
subtraction, the reading was then normalized against internal control (such
as heat shock protein (Hsp) 70). The reading from the unstimulated control
T cell samples were used as 1.
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Results
DAPK is activated then degraded by TCR stimulation

DAPK is phosphorylated by itself at serine 308 to interfere with
the binding of Ca2�/calmodulin in resting state (39). Activation
of DAPK is accompanied with dephosphorylation at serine 308,
by an unidentified phosphatase, and the association of Ca2�/
calmodulin (3). Serine 308 dephosphorylation has been shown
to indicate DAPK activation stimulated by UNC5H2, TNF-�,
ceramide, or ischemia (13, 40, 41). We therefore used the de-
phosphorylation of DAPK at Ser308 to measure the activation of
the endogenous DAPK after TCR stimulation. DAPK was con-
stitutively expressed in T cells (Fig. 1A). In resting human T
cells, DAPK was phosphorylated at serine 308, as detected by
phospho-Ser308-specific Ab (Fig. 1A). Stimulation of T cells
with anti-CD3 plus anti-CD28 Abs, marked by time-dependent
prominent PKC� phosphorylation in the context of a steady
PKC� level, led to immediate dephosphorylation of DAPK. Ac-
tivation of DAPK persisted until 90 min (Fig. 1A). This was
followed by a graduate inactivation of DAPK, shown by re-
phosphorylation of DAPK 2 h after TCR stimulation (Fig. 1B).
At 4 h, there was a clear reduction in the total level of DAPK
(Fig. 1B), presumably due to DAPK degradation (40, 41). This
was correlated with a proportional decrease in the extent of
serine 308 phosphorylation on DAPK. The similar DAPK ac-
tivation pattern was observed in another five batches of T lym-
phocytes. Therefore, TCR stimulation activates endogenous
DAPK and eventually promotes DAPK degradation. Some
small variations were found between different batches of T cell

FIGURE 1. Activation and degradation of DAPK by TCR stimulation.
DAPK was dephosphorylated at Ser308 (A) and degraded (B) followed by
TCR engagement. Purified human PBL T cells were stimulated with OKT3
(5 �g/ml) and anti-CD28 (2.5 �g/ml) for 15–90 min (A), or 1–6 h (B), and
total cell lysates were prepared. The contents of DAPK, phospho-Ser308

DAPK, phospho-PKC�, and PKC� were determined by specific Abs. Con-
stitutive heat shock protein 70 was used as internal control. Molecular mass
markers (in kilodaltons) were indicated to the left.

FIGURE 2. DAPK inhibits IL-2 production, while DN DAPK enhances IL-2 production in T cells. A, Schematic representation of DAPK and its
mutants used in these studies. The various motifs and domains are: K, kinase domain; CaM, CaM-binding domain; AR, ankyrin repeats; CB,
cytoskeleton-binding domain; DD, death domain. The numbers below indicate the amino acid positions. The mutation at K42A (starred) generates
the DN form of DAPK, while deletion of CaM (�CaM) produced a DAPK with constitutively active kinase. B, Overexpression of DAPK and its
mutants in DO11.10. DO11.10 cells were transduced with pGC-YFP, pGC-DAPK-YFP, pGC-[K42A]DAPK-YFP, and pGC-[�CAM]DAPK-YFP by
retroviral infection. YFP-expressing T cells were sorted on a FACSVantage SE. DAPK and its mutant proteins were detected by Abs specific for
human DAPK and for Flag tag. HSC70 was used as the internal control. Molecular mass markers (in kilodaltons) were indicated to the left. C and
D, DAPK and [�CAM]DAPK inhibited T cell activation, while [K42A]DAPK increased T cell activation. Control DO11.10 T cells (YFP) and
DO11.10 T cells expressing wild-type DAPK (DAPK), [K42A]DAPK (K42A), and [�CAM]DAPK (�CAM) were activated by the plate-bound
anti-CD3 Ab (0.6 �g/ml) plus anti-CD28 Ab (0.3 �g/ml) (C), or with OVA323–339 peptide (1.25 �g/ml) presented by A20 cells (D), and IL-2
production was quantitated 24 h later by IL-2-dependent cell line HT-2. Data are average of triplicate in one experiment. Error bars indicate SD.
Values of p for YFP to DAPK, YFP to K42A, and YFP to �CAM were �0.05 in C and �0.01 in D. Similar results are observed in another two
independent experiments.
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activation. For example, inactivation of DAPK was detected as
early as 60 min after TCR engagement in two experiments,
while the degradation of DAPK became evident as late as 6 h in
another batch of T cells. It may be noted that the small increase
of DAPK detected at 30 – 60 min (Fig. 1A) was not seen in every
batch of human T cells analyzed. Between different batches of
experiments, there was also variation in the persistence of

PKC� phosphorylation, ranging from 4 h (Fig. 1B) to 7 h after
TCR stimulation.

T cell activation is inhibited by active DAPK and enhanced by
DN DAPK

To evaluate the functional role of DAPK in T cell activation,
wild-type human DAPK, the kinase-dead DN form of DAPK

FIGURE 3. Down-regulation of the endogenous DAPK by siRNA increases T cell activation. A and B, Down-regulation of DAPK expression in
DO11.10 T cells. DO11.10 cells were transduced with pSUPER.retro vector (Mock), mouse DAPK-specific siRNA-containing pSR (mDAPKsi), or
mutated nonspecific siRNA (Control). The GFP-expressing population was isolated by FACS sorting. DAPK RNA levels were determined by
RT-PCR using mouse DAPK-specific primers, with �-actin as the internal control (A). DAPK protein levels were assessed by immunoblots using
DAPK-specific Abs (B), and were quantitated by densitometer. The relative protein levels were calculated using mock DAPK as 100. C and D,
Knockdown of DAPK in DO11.10 T cells enhanced TCR-stimulated IL-2 production. Vector-transfected DO11.10 cells (Mock), nonspecific
siRNA-transfected (Control), or DAPK-knockdown DO11.10 cells (mDAPKsi) were activated with immobilized anti-CD3/anti-CD28 at concen-
trations indicated (C), or with A20 cells plus OVA323–339 peptide at concentrations indicated (D), and IL-2 produced was quantitated 24 h later. Data
are average of triplicate in one experiment, with SD indicated by error bars. In both studies, p values between mock and mDAPKsi, or between
control and mDAPKsi are �0.01, except the OVA (2.5 �g/ml) set where p � 0.05 between mock and mDAPKsi. E, Knockdown of DAPK in Jurkat
cells. Jurkat cells (JE6.1) were transduced with vector alone (Mock), pSR-nonspecific siRNA (Control), pSR-human DAPK siRNA sequence 1 or
2 (hDAPKsi-1, si-2), and sorted by GFP expression. Protein contents of DAPK were determined by immunoblot using DAPK Ab and quantitated
by densitometry. The relative DAPK levels were calculated using mock DAPK as 100. F, Reduced MLC phosphorylation in Jurkat cells with DAPK
down-regulated. Control and hDAPKsi2 Jurkat cells were activated by anti-CD3/CD28 for 15 min. Cell lysates from Jurkat cells before and after
activation were precipitated with anti-MLC, and contents of phospho-MLC were determined. G, DAPK knockdown in Jurkat T cells promoted IL-2
generation. Vector-only JE6.1 cells (Mock), nonspecific siRNA-transfected (Control), and DAPK-knockdown Jurkat cells (hDAPKsi-1 and
hDAPKsi-2) were activated with anti-CD3 and -CD28 Abs immobilized at the concentration indicated, and IL-2 production was quantitated 24 h
later. Data are the average of triplicate in one experiment. Error bars indicate SE. Values of p between mock and hDAPKsi-1, mock and hDAPKsi-1,
control and hDAPKsi-1, or between control and hDAPKsi-2 are �0.01. Similar results are observed in another two repeated experiments.
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(K42A, Fig. 2A), and the constitutively kinase active form of
DAPK (�CAM, Fig. 2A) were overexpressed in DO11.10 mu-
rine T cell hybridomas. Expression of Flag-tagged human
DAPK and its mutant proteins in mouse T cells was confirmed
by Western blot with Abs specific for human DAPK or Flag tag
(Fig. 2B). DO11.10 T cells were activated by the plate-bound
anti-CD3/anti-CD28 Abs, and IL-2 produced was used as an
indicator of integrated T cell activation. Fig. 2C illustrates that
expression of wild-type DAPK inhibited TCR-stimulated IL-2
production, relative to the YFP control. Suppression of T cell
activation was found with active form of DAPK (�CAM, Fig.
2C). In contrast, loss of DAPK activity by [K42A]DAPK in-
creased IL-2 generation. A similar effect of these DAPK pro-
teins on T cell activation was observed when T cells were stim-
ulated with an antigenic peptide (OVA323–339) presented by
A20 B cells (Fig. 2D). These results suggest that DAPK plays
an inhibitory role in T cell activation.

Down-regulation of DAPK by siRNA promotes T cell activation

In addition to DAPK, T lymphocytes express DAPK-related
kinases (DRAKs; such as DRAK2) (3). To exclude the possi-

bility that the observed stimulatory effect of [K42A]DAPK on
T cell activation was due to a promiscuous inhibition of other
DAPK-related kinases, we used siRNA to specifically down-
regulate DAPK. Fig. 3A demonstrates that the expression of
mouse DAPK transcripts in DO11.10 cells was knocked down
by the specific siRNA (mDAPKsi), relative to vector only
(Mock). The mutated mouse DAPK siRNA (Control) failed to
down-regulate DAPK mRNA. A reduction in DAPK protein
level by DAPK siRNA was demonstrated by immunoblots (Fig.
3B). Quantitation by densitometer indicated a decrease of 68%
in DAPK protein in DO11.10 cells expressing DAPK siRNA.
This down-regulation of DAPK led to enhanced CD3/CD28-
induced IL-2 production (Fig. 3C), as well as Ag-stimulated
IL-2 generation (Fig. 3D) in DO11.10 cells. In contrast, non-
specific siRNA expression (Control, Fig. 3, C and D) did not
affect T cell activation.

We knocked down DAPK in Jurkat T cells using two different
siRNA sequences (si-1, si-2) specific for human DAPK (Fig.
3E). More than 80% of DAPK protein level was reduced by
either DAPKsi-1 or DAPKsi-2 in Jurkat cells, in contrast to the
nonspecific control siRNA. DAPK activity was measured in

FIGURE 4. T cell-specific transgenic expres-
sion of [K42A]DAPK and [�CAM]DAPK.
A, Schematic representation of the CD2-
[K42A]DAPK and the CD2-[�CAM]DAPK
transgenes. [K42A]DAPK and [�CAM]DAPK
were subcloned into the CD2 cassette. B, Expres-
sion of [K42A]DAPK transgene protein in three
independent lines of CD2-[K42A]DAPK-trans-
genic mice. Cell lysates were prepared from puri-
fied splenic T cells of three independent transgenic
mouse lines (Tg-1, -2, -3) and a NLC, and the con-
tents of DAPK were assessed by immunoblots. C,
Expression of [�CAM]DAPK transgene protein in
three lines of CD2-[�CAM]DAPK-transgenic
mice. The levels of DAPK in cell lysates prepared
from purified splenic T cells of a NLC mouse and
three independent transgenic mouse lines (Tg-1,
-2, -3) were determined by immunoblots. D and F,
Fas- or etoposide-induced apoptosis was reduced
in [K42A]DAPK-transgenic thymocytes. Thymo-
cytes from CD2-[K42A]DAPK-transgenic mice
and their normal littermate control were treated
with Jo2 (D) or etoposide (F), and apoptosis was
quantitated at 48 h (D) or 14 h (F) after treatment.
E and G, Elevated Jo2- or etoposide-triggered
apoptosis in [�CAM]DAPK-transgenic thymo-
cytes. Thymocytes from CD2-[�CAM]DAPK-
transgenic mice were treated with Jo2 (E) or
etoposide (G) at the concentration indicated, and
apoptosis was assessed. H and I, DAPK-dependent
TNF-�-induced cell death. H, [K42A]DAPK-
or, I, [�CAM]DAPK-transgenic thymocytes
were treated with CHX (0.16 �g/ml) with or
without TNF-� (5 ng/ml), and cell death was
determined 48 h after treatment. �, p � 0.05;
��, p � 0.01; ���, p � 0.001 for paired t test.
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DAPK-knockdown Jurkat cells. MLC is the in vivo substrate of
DAPK (3, 5, 17–19). In control Jurkat cells, TCR stimulation
resulted in increased phosphorylation of MLC (Fig. 3F). Down-
regulation of DAPK in Jurkat cells reduced MLC phosphory-
lation before TCR ligation, and impaired TCR-induced MLC
phosphorylation. This result illustrates that DAPK physiologi-
cal function was compromised in DAPK-knockdown T cells,
and further supports that DAPK is involved in TCR-mediated
MLC activation. Down-regulation of DAPK increased IL-2 pro-
duction stimulated by CD3/CD28, while nonspecific siRNA had
no effect on the activation of Jurkat cells (Fig. 3G). Therefore,
specific down-regulation of DAPK leads to enhanced TCR-stimulated
activation, supporting the role of endogenous DAPK as a negative
regulator of T cell activation.

Transgenic [K42A]DAPK promotes T cell activation and
transgenic [�CAM]DAPK suppresses T cell activation

Both DO11.10 and Jurkat are transformed T cells. To elucidate the
function of DAPK in normal T cells, we generated transgenic mice
with T cell-specific expression of [K42A]DAPK and [�CAM]DAPK.
[K42A]DAPK and [�CAM]DAPK were expressed under CD2
promoter (Fig. 4A). Transgene expression was identified by PCR
analysis of tail DNA and RT-PCR analysis of peripheral blood
leukocytes (data not shown). Three independent transgenic mouse
lines for each construct were used for T cell activation studies.
Immunoblots illustrate the expression of DAPK in the three lines
of transgenic mice (Tg-1, Tg-2, Tg-3) relative to a normal litter-
mate control (NLC) for both [K42A]DAPK and [�CAM]DAPK

FIGURE 5. The [K42A]DAPK transgene enhances
T cell proliferation and IL-2 production, while the
[�CAM]DAPK transgene suppresses T cell prolifera-
tion and IL-2 generation. A–D, The [K42A]DAPK
transgene increased TCR-activated T cell proliferation
and IL-2 generation. Splenic T cells were isolated from
splenocytes using anti-mouse Ig panning, and the purity
of splenic T cells was �92%, determined by CD3 ex-
pression. Thymocytes (A) and purified splenic T cells
(B) (4 � 105 cells/well) from NLC and CD2-
[K42A]DAPK-transgenic mice were activated with in-
dicatedconcentrationsofimmobilizedanti-CD3plusanti-
CD28 Abs or Con A (5 �g/ml), and the incorporation of
thymidine was determined 60 h later. IL-2 production from
CD3/CD28-stimulated thymocytes (C) and splenic T cells
(D) was quantitated 24 h later. E–H, [�CAM]DAPK trans-
gene suppressed TCR-stimulated T cell proliferation and
IL-2 production. Thymocytes (E) and splenic T cells (F)
from NLC and CD2-[�CAM]DAPK-transgenic mice
were activated as in A and T cell proliferation was deter-
mined 60 h later. IL-2 production from thymocytes (G)
and splenic T cells (H) were quantitated 24 h after anti-
CD3/anti-CD28 or Con A stimulation. �, p � 0.05;
��, p � 0.01 for paired t test.
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(Fig. 4, B and C). DAPK has been shown to participate in
apoptosis triggered by different stimuli (2, 6). Consistent with pre-
vious finding, [K42A]DAPK-transgenic thymocytes displayed a
moderate but significant reduction in Fas-induced apoptosis (Fig.
4D) and DNA damage-mediated cell death (Fig. 4F). In contrast,
[�CAM]DAPK-transgenic thymocytes were more sensitive to

Fas-triggered cell death (Fig. 4E) and etoposide-induced apoptosis
(Fig. 4G). We also tested susceptibility of [K42A]DAPK- and
[�CAM]DAPK-transgenic thymocytes to TNF-�-induced cell
death. Thymocytes were relatively resistant to TNF-�-triggered
apoptosis (42). Cycloheximide (CHX) has to be included for death
induction, yet CHX also led to a significant amount of background

FIGURE 6. [K42A]DAPK enhances TCR-stimulated NF-�B activation. A, Activation of p38 MAPK was not affected by [K42A]DAPK. DO11.10 T
cells expressing YFP vector or [K42A]DAPK were stimulated with immobilized anti-CD3 (5 �g/ml) and anti-CD28 (2.5 �g/ml) and total cellular extracts
were prepared at the indicated time points. p38 MAPK activation was evaluated by anti-phospho-p38 MAPK Ab. B, [K42A]DAPK weakly enhanced
TCR-induced ERK activation. ERK activation was determined on extracts prepared in A, using anti-phospho-ERK Ab. C, [K42A]DAPK increased
TCR-induced PKC� activation. PKC� activation was determined on extracts prepared in A by anti-phospho-PKC� (T538) Ab, using total lysate PKC� as
an internal control (left panel). The intensity of phospho-PKC� was determined by densitometer, normalized against HSC70, and fold increase was
calculated using the unstimulated YFP control as 1 (right panel). Data are the average of two independent studies. D, [K42A]DAPK enhanced TCR-
stimulated NF-�B p65 nuclear translocation. DO11.10 T cells expressing YFP vector or [K42A]DAPK were stimulated as in A, and nuclear extracts were
prepared at the indicated time points. NF-�B p65 was detected by immunoblot (left panel) and quantitated by densitometry as in C (right panel). E,
[K42A]DAPK promoted the formation of NF-�B-DNA complex. DNA-binding activity of NF-�B in nuclear extracts prepared from D were evaluated by
EMSA using labeled oligonucleotides containing the consensus �B sequence. The presence of p65 in the binding complex was illustrated by supershift with
anti-p65 Ab. The quantities of the specific NF-�B-DNA complex was assessed and the fold increase shown in the right panel. Data are mean of two
separated experiments. F, [K42A]DAPK transgene enhanced NF-�B activation in normal T cells. Splenic T cells from NLC and CD2-[K42A]DAPK-
transgenic mice were stimulated with anti-CD3 (5 �g/ml) plus anti-CD28 (2.5 �g/ml), and the nuclear translocation of NF�B p65 was similarly determined.
Numbers in the bottom indicate fold induction using the resting NLC T cells as 1. G and H, [K42A]DAPK increased the activation of NFAT1 but not
NFAT2. YFP- and [K42A]DAPK-DO11.10 T cells were activated by CD3/CD28 and nuclear extracts prepared at the indicated time points. The presence
of NFAT1 (G) and NFAT2 (H) were determined by immunoblots using Abs specific for NFAT1 and NFAT2, respectively.
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death (Fig. 4, H and I). Despite the high background, TNF-�-
induced cell death was attenuated by expression of [K42A]DAPK
transgene, and was increased by [�CAM]DAPK transgene. It may
be noted that the modulatory effect of DAPK was more prominent
in etoposide-triggered apoptosis than in Fas/TNF-�-induced cell
death. Whether this suggests a more dominant role of DAPK in
mitochondrial-mediated (intrinsic) apoptosis than death receptor-
induced (extrinsic) cell death in T cells is being examined.

TCR-induced proliferation of thymocytes was higher in CD2-
[K42A]DAPK-transgenic mice than in their NLC counterparts
(Fig. 5A). Transgenic expression of [K42A]DAPK also promoted
proliferation triggered by TCR and Con A in splenic T cells (Fig.
5B). A more prominent enhancement in TCR- or Con A-stimulated
IL-2 production was found in thymocytes (Fig. 5C) and splenic T
cells (Fig. 5D) from [K42A]DAPK-transgenic mice. Therefore,
inhibition of DAPK by its DN form increased TCR-mediated T
cell proliferation and IL-2 production in normal T cells.

In contrast, active DAPK transgene exhibited a suppressive effect
on T cell activation. Proliferation of thymocytes, induced by CD3/
CD28 or Con A, was significantly inhibited in [�CAM]DAPK-
transgenic thymocytes, relative to NLC thymocytes (Fig. 5E). Re-
duced proliferation stimulated through TCR or Con A was also
found in splenic T cells from [�CAM]DAPK-transgenic mice
(Fig. 5F). The inhibitory effect of transgenic [�CAM]DAPK was
also evident when measuring TCR- or Con A-stimulated IL-2 pro-
duction in thymocytes (Fig. 5G) and in splenic T cells (Fig. 5H).

Consistent with the stimulatory activity of [K42A]DAPK, constitutive
DAPK activation in normal T cells suppresses TCR-induced
activation.

DAPK targets to TCR-induced NF-�B activation

We examined various activation signals in T cells expressing DN-
DAPK and active DAPK. Some of the signaling events, such as
p38 MAPK activation, were not affected by DN-DAPK (Fig. 6A).
ERK activation was slightly elevated in T cells expressing
[K42A]DAPK (Fig. 6B). In addition to elevated ERK phosphory-
lation, inhibition of DAPK led to increased phosphorylation of
PKC� after TCR stimulation in T cells (Fig. 6C). Quantitation by
densitometry indicates an at least 2-fold increase of TCR-induced
PKC� phosphorylation in [K42A]DAPK-expressing T cells. Be-
cause PKC� is coupled to NF-�B activation, we then examined the
status of NF-�B in T cells expressing [K42A]DAPK. In resting T
cells expressing [K42A]DAPK, there was a small increase in nu-
clear translocation of NF-�B p65 (Fig. 6D). TCR stimulation re-
sulted in nuclear appearance of NF-�B p65 in control cells, with a
significant elevation in DO11.10 T cells expressing [K42A]DAPK.
The [K42A]DAPK-mediated increase in nuclear p65 correlates
well with the increase in phospho-PKC� (Fig. 6D). The enhanced
NF-�B p65 nuclear translocation in [K42A]DAPK T cells was
accompanied with increased binding to �B DNA element revealed
by EMSA (Fig. 6E). No �B DNA-binding complex was detected
before T cell activation, despite the presence of nuclear p65 in
resting [K42A]DAPK T cells. Stimulation with CD3/CD28 led to
formation of the specific �B DNA-binding complex, as confirmed

FIGURE 7. DAPK knockdown enhances TCR-stimulated NF-�B acti-
vation in DO11.10 T cells. A, Down-regulation of DAPK increased TCR-
induced PKC� activation. Vector control DO11.10 T cells (pSR) or
DO11.10 cells with DAPK knockdown (mDAPKsi) were stimulated with
immobilized anti-CD3 (5 �g/ml) and anti-CD28 (2.5 �g/ml) before deter-
mination of PKC� phosphorylation. The contents of phospho-PKC� were
determined as in Fig. 6, and relative fold of induction was calculated using
unstimulated pSR T cells as 1. B, DAPK knockdown enhanced TCR-stim-
ulated NF-�B p65 nuclear translocation. Control and DAPK-knockdown
DO11.10 cells were stimulated as in A, and nuclear appearance of NF-�B
p65 was detected by immunoblot. Numbers are fold of induction. C, Down-
regulation of DAPK promoted the formation of NF-�B-DNA complex.
DNA-binding activity of NF-�B in nuclear extracts prepared from B were
evaluated by EMSA. The presence of p65 in the binding complex was
illustrated by supershift with anti-p65 Ab. Fold induction of the specific
NF-�B-DNA complex is indicated at the bottom.

FIGURE 8. Active DAPK suppresses TCR-induced, but not IL-1� and
TNF-�-triggered, NF-�B activation. A and B, [�CAM]DAPK inhibited
TCR-induced NF-�B activation. DO11.10 T cells expressing YFP vector
or �CAM were stimulated with anti-CD3 (0.5 �g/ml) and anti-CD28 (0.25
�g/ml), and nuclear extracts were prepared at the indicated time points.
NF-�B p65 was detected by immunoblot (A) using NF-�B p65-specific Ab,
and the DNA-binding activity of nuclear NF-�B was evaluated by EMSA
(B). Relative increase of nuclear p65 from two independent experiments
are displayed (A, right panel). Fold induction of the specific NF-�B-DNA
complex is indicated at the bottom (B). C and D, DAPK did not affect IL-1�-
and TNF-�-induced NF-�B activation. Control and [�CAM]DAPK-express-
ing EL4 (C) or DO11.10 cells (D) were stimulated with IL-1� (C) or TNF-�
(D), and nuclear entry of p65 was measured at the time points indicated.
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by the supershift by anti-p65 Ab (Fig. 6E). The amount of �B
DNA-binding complex, quantitated by densitometer, in activated
[K42A]DAPK-expressing DO11.10 cells was twice as much as
that in activated YFP DO11.10 cells. The increased NF-�B acti-
vation mediated by [K42A]DAPK was also seen with normal T
cells. In [K42A]DAPK-transgenic T cells, TCR triggered in-
creased translocation of NF-�B p65. Together, these results sug-
gest an inhibitory role of DAPK in NF-�B activation (Fig. 6F).
The effect of [K42A]DAPK on NFAT1 activation, another major
transcription factor stimulated by TCR, was as prominent as NF-
�B. [K42A]DAPK expression led to a large increase in nuclear
translocation of NFAT1 (Fig. 6G). However, DAPK exhibited an
opposite effect on the activation of NFAT2. [K42A]DAPK mod-
erately decreased the nuclear presence of NFAT2 (Fig. 6H).

To further delineate the link between DAPK and NF-�B, the
activation of NF-�B was examined in T cells with specific knock-
down of DAPK. This down-regulation of DAPK led to an eleva-
tion of TCR-induced phospho-PKC� (Fig. 7A). Densitometry in-
dicates that DAPK knockdown resulted in a nearly 2-fold increase
in PKC� phosphorylation. Down-regulation of DAPK also resulted
in nuclear appearance of p65 before T cell activation (Fig. 7B),

similar to that seen in [K42A]DAPK T cells (Fig. 6D). NF-�B p65
nuclear entry stimulated by CD3/CD28 increased by 100% in
DAPK-depleted T cells relative to control T cells. The enhanced
formation of NF-�B-DNA complex in T cells with down-regulated
DAPK was further demonstrated by EMSA (Fig. 7C). These re-
sults support the specificity of DAPK on NF-�B inhibition.

The possible antagonism of NF-�B activation by DAPK was
also examined in T cells expressing active DAPK. Fig. 8A illus-
trates that TCR-induced nuclear translocation of NF-�B p65 was
attenuated in DO11.10 T cells expressing [�CAM]DAPK. Quan-
titation from two independent experiments illustrates a clear re-
duction in nuclear entry of p65 in T cells with active DAPK (Fig.
8A, right panel). This was consistent with the reduced formation of
�B DNA-binding complex when [�CAM]DAPK T cells were ac-
tivated (Fig. 8B). Therefore, TCR-mediated NF-�B activation is
negatively regulated by DAPK.

DAPK does not affect NF-�B activation stimulated by TNF-� or
IL-1�

NF-�B is stimulated by TNF-� and IL-1� in cascades distinct
from that activated by TCR (25, 32, 33). We further examined

FIGURE 9. Inhibition or down-regulation of
DAPK increases TCR-stimulated raft recruit-
ment of pPKC�, Bcl-10, and IKK� but not LAT.
A, A total of 5 � 107 DO11.10 T cells express-
ing YFP vector or [K42A]DAPK were stimu-
lated with immobilized anti-CD3 (5 �g/ml) and
anti-CD28 (2.5 �g/ml) at 37°C for 30 min. The
cells were lysed with 0.25% Triton X-100 and
sucrose density gradient centrifugation was then
used to separate lipid rafts from soluble frac-
tions. Raft fractions (fractions 2–4) and soluble
parts (fractions 7 and 8) were resolved on SDS-
PAGE, and analyzed by immunoblot with Abs
specific for PKC�, Bcl-10, LAT, Lck, GM1, and
flotillin. B, Raft fractions (fractions 2–4) and
soluble parts (fractions 7 and 8) from A were
pooled separately, resolved on SDS-PAGE, and
analyzed by immunoblot with Abs specific for
pPKC�, Bcl-10, IKK�, and LAT. The relative
amounts of pPKC�, Bcl-10, IKK�, and LAT in
raft fractions were quantitated by densitometry.
Data are reported as means and SEs of three in-
dependent experiments (right panel). C, In-
creased partition of NF-�B-signaling molecules
into rafts by DAPK knockdown. A total of 5 �
107 DO11.10 cells each of control or DAPK
knockdown were stimulated with anti-CD3 (5
�g/ml) and anti-CD28 (2.5 �g/ml) at 37°C for
30 min. The cells were then lysed with 0.25%
Triton X-100 and subjected to sucrose density
gradient centrifugation to isolate lipid rafts. Raft
fractions (fractions 2–4) and soluble parts (frac-
tions 7 and 8) were pooled, separated through
SDS-PAGE, and analyzed using immunoblot
with Abs specific for pPKC�, IKK�, IKK�, and
LAT. Quantitation of Raft-associated proteins
were quantitated as in B and the relative inten-
sity is shown in the right panel.
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whether NF-�B activation stimulated through TCR-independent
pathways was similarly regulated by DAPK. T cells were treated
with IL-1� to stimulate NF-�B activation. We used EL4 T cells for
this study as DO11.10 cells were not responsive to IL-1�. Fig. 7C
illustrates that expression of [�CAM]DAPK in EL4 cells did not
alter IL-1-stimulated NF-�B activation. We also examined the ef-
fect of DAPK on TNF-�-triggered NF-�B activation. NF-�B was
activated in DO11.10 cells immediately followed the treatment
with TNF-� (Fig. 8D). Expression of [K42A]DAPK did not
affect the nuclear entry of p65 induced by TNF-�. Therefore,
DAPK does not modulate NF-�B activation stimulated by
TNF-� or IL-1�, DAPK specifically regulates TCR-induced
NF-�B activation.

Inhibition of DAPK increases the entry of PKC�, Bcl-10, and
IKK� into membrane rafts

The enhanced activation of PKC� by [K42A]DAPK or DAPK-
specific siRNA suggests that DAPK acts at a step before IKK
activation in the TCR-induced NF-�B activation pathway. TCR-
induced activation signals lead to the assembly of the phospho-
PKC�, caspase recruitment domain-11-Bcl10-MALT1 complex,
and the IKK complex on membrane rafts (27–32). We evaluated
the association of these NF-�B-activating molecules with mem-
brane rafts after TCR stimulation. Lipid rafts were separated from
soluble fractions by centrifuge on sucrose gradient. Fig. 8A illus-
trates a typical profile on the distribution of PKC�, Bcl-10, Lck,
and raft markers flotillin and GM-1 in membrane raft fractions and
soluble fractions before and after TCR stimulation. In unstimulated
T cells, PKC� and Bcl-10 were located mainly in the soluble frac-
tions, while LAT and Lck were present in both soluble and raft
fractions (Fig. 9A). TCR stimulation induced distribution of PKC�
and Bcl-10 into raft fractions, resulting in their appearance in both
raft and soluble fractions (Fig. 9A). For LAT, CD3/CD28 ligation
triggered its translocation from soluble fractions into lipid rafts,
leading to a clear reduction of LAT in soluble fractions. In con-
trast, Lck distribution among raft and soluble fractions was not
changed before and after TCR engagement (Fig. 9A). TCR-in-
duced raft localization of Bcl-10 and PKC� was increased in
[K42A]DAPK-expressing cells relative to the YFP control, while
TCR-mediated raft localization of LAT was not significantly af-
fected by [K42A]DAPK expression (Fig. 9A). For ease of com-
parison, raft fractions and soluble fractions were pooled separately
for analysis of the signaling protein contained (Fig. 9B). In CD3/
CD28-stimulated T cells, inactivation of DAPK by expression of
[K42A]DAPK resulted in an increase of phospho-PKC�, Bcl-10,
and IKK� in membrane rafts (Fig. 9B). Densitometer measure-
ment of protein quantities from three independent experiments
(Fig. 9B, right panel) also illustrate the enhanced raft distribution
of phospho-PKC�, Bcl-10, and IKK� in [K42A]DAPK T cells. In
contrast, distribution of LAT in the membrane raft fraction was not
altered in activated [K42A]DAPK T cells (Fig. 9B). Regulation of
raft localization of NF-�B-activating molecules by DAPK was fur-
ther confirmed in T cells with DAPK knockdown. Fig. 9C illus-
trates a similar enhanced partition of phospho-PKC�, IKK�, and
IKK� into the raft in activated DO11.10 T cells with down-regu-
lated DAPK. Quantitation analysis from two independent experi-
ments supports the notion that TCR-induced raft localization of
phospho-PKC�, IKK�, and IKK� was enhanced in DAPK-knock-
down cells (Fig. 9C, right panel). Therefore, inhibition of DAPK
by [K42A]DAPK or DAPK knockdown by siRNA increases the
localization of NF-�B-activating molecules into membrane raft af-
ter T cell activation.

Discussion
In the present study, through the use of active DAPK, DN DAPK, and
DAPK-specific siRNA, DAPK was found to antagonize T cell acti-
vation. Our results clearly illustrate that DAPK and [�CaM]DAPK
suppressed T cell activation in both T cell lines and normal T
cells, while inhibition of DAPK by [K42A]DAPK or down-
regulation by siRNA increases T cell proliferation and IL-2 pro-
duction (Figs. 2, 3, and 5). We further mapped one of the T cell
signals specifically suppressed by DAPK to NF-�B activation
(Figs. 6–8). The entry of NF-�B-activating molecules, including
PKC�, Bcl-10, and IKK, into membrane rafts after TCR ligation
was enhanced when DAPK was suppressed or knocked down (Fig.
9). NF-�B, therefore, represents a novel target of DAPK in T cells.

DAPK has not been shown to be involved in T cell activation.
In this study, we have first demonstrated an immediate activation
of DAPK after TCR engagement (Fig. 1A). The activation of
DAPK lasted for �2 h and then became gradually inactivated,
shown by rephosphorylation of DAPK at serine 208 (Fig. 1B).
Additional evidence of a direct participation of DAPK in T cell
activation is shown by the phosphorylation of MLC. DAPK di-
rectly phosphorylates MLC (4, 43). TCR stimulation led to in-
creased phosphorylation of MLC, while DAPK knockdown im-
paired MLC phosphorylation (Fig. 3F), supporting a contribution
of DAPK activity to TCR-triggered MLC phosphorylation. From
the time course of DAPK activation, the major targets of DAPK
are likely those molecules that participated in the earlier phase
(�90 min) of T cell activation. The molecular processes involved
in DAPK activation and inactivation remain to be characterized in
T cells. The phosphatase that is responsible for dephosphorylation
of DAPK at Ser308 is still unknown (3). Even though DAPK is
autophosphorylated at Ser308, we have not identified the exact sig-
naling molecule that initiates DAPK inactivation processes during
late T cell activation.

Another finding on DAPK during T cell activation is the de-
crease in the DAPK protein levels at later time points (�4 h)
following TCR stimulation (Fig. 1B). DAPK protein stability is
regulated by several distinct mechanisms (40, 41, 44–47). De-
phosphorylation at Ser308 and activation of DAPK by TNF-�, cer-
amide, or ischemia results in DAPK degradation (40, 41). The
binding of DAPK to DAPK-interacting protein-1, an E3 ubiquitin
ligase, is reported to promote proteolysis of DAPK by proteasome
(44, 46). The interaction of DAPK with cathepsin B prevents the
degradation of DAPK (47). DAPK is also stabilized by Hsp90 and,
in the absence of Hsp90, becomes susceptible to DIP-1- and car-
boxyl terminus of HSC70-interacting protein-mediated ubiquitina-
tion (45, 46). In the present study, DAPK was found degraded
followed the initial activation, yet Ser308 phosphorylation was re-
introduced before extensive DAPK destabilization (Fig. 1B). This
may somewhat distinguish TCR-induced DAPK degradation from
ischemia/ceramide-triggered DAPK down-regulation (40, 41). De-
lineation on how TCR activation signals regulate the stability of
DAPK protein shall help understand the dynamic turnover of
DAPK protein in activated T cells and its physiological impact.

A distant DAPK-related kinase, DRAK2, has been characterized
for its function in T lymphocytes. DAPK shares 51% identify in
kinase domain with DRAK2, yet DRAK2 lacks all the DAPK do-
mains that are 3� to kinase domain. Transgenic expression of
DRAK2 results in enhanced T cell apoptosis and increased IL-2
production, but does not affect T cell proliferation (48). This is in
contrast to the suppression of IL-2 production and reduced T cell
proliferation observed in [�CAM]DAPK-transgenic mice (Fig. 5,
E–H). Deficiency in DRAK2 leads to elevated T cell proliferation
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and IL-2 production (49), similar to those found in [K42A]DAPK-
transgenic mice (Fig. 5, A–D). However, [K42A]DAPK-transgenic
T cells displayed specific augmentation in NF-�B activation (Fig.
6), which was not observed in DRAK2null T cells (49). Therefore,
DAPK and DRAK2, which are two distinct members of DAPK
family, display different physiological roles in T cell activation.

Another important finding of the present study is that DAPK
regulates NF-�B activation induced by TCR, but not by TNF-�
and IL-1� (Fig. 8, C and D). A previous report has shown that
TNF-�-induced NF-�B activation was not affected by
[K42A]DAPK in HeLa cells (16). In the present study, we iden-
tified the stage of NF-�B activation targeted by DAPK to be at or
before PKC� activation (Fig. 6), operated specifically for TCR-
induced NF-�B activation, but not in TNF-�- or IL-1-triggered
NF-�B activation (27, 34, 35). This explains why TNF-�- or IL-
1-triggered NF-�B activation is not sensitive to action of DAPK.
The other type of receptor known to activate NF-�B through PKC�
is B cell Ag receptor. Based on results from this study, we may
predict that DAPK inhibits NF-�B activation in B cells stimulated
through their Ag receptor, similar to that observed in T cells. Our
observation that DAPK does not modulate NF-�B activation in-
duced by Ag receptor-independent pathways in T lymphocytes
(Fig. 6) also suggests that DAPK is unlikely to affect NF-�B ac-
tivation in nonlymphocytes.

TCR ligation leads to localization of TCR and signaling mole-
cules in lipid rafts for the assembly of TCR-signaling complexes
containing lck, CD3, LAT, and PKC� (28, 50–52). Recent studies
illustrate that TCR activation leads to the assembly of phospho-
PKC�, the caspase recruitment domain-11-Bcl10-MALT1 com-
plex, and the IKK complex into membrane rafts (28–33). By use
of [K42A]DAPK to inhibit DAPK activation or siRNA to down-
regulate DAPK, the localization of PKC�, Bcl10, and IKK in the
membrane raft fraction was increased (Fig. 9). TCR-stimulated
lipid raft formation involves reorganization of actin cytoskeletons
(51, 52). It may be postulated that DAPK, known to have a pro-
found effect on the cytoskeleton, regulates the gathering of mem-
brane rafts and consequently, activation of NF-�B.

In addition to phospho-PKC�, other signaling molecules such as
LAT are known to relocate into the raft fraction after TCR stim-
ulation. We did not find any effect of DAPK on the raft entry of
LAT (Fig. 9). The inhibitory effect of DAPK on the translocation
of PKC�, but not LAT, into lipid rafts indicates specificity of
DAPK for the NF-�B-activating complex. The molecular mecha-
nism underlying this discriminative effect of DAPK is currently
unclear. There is a possibility that membrane rafts are hetero-
geneous with regard to their content of the NF-�B-activating
complex and LAT. Because raft formation involves cytoskele-
ton reorganization, DAPK may target cytoskeleton that affects
the raft-embedding NF-�B-activating complex. Alternatively,
DAPK may target some molecules upstream of PKC�, resulting in
reduced phosphorylation of CARD-containing membrane associ-
ated guanylated kinase protein1 and impaired assembly of the NF-
�B-activating complex on rafts (33). A few signaling molecules,
including IL-1R-associated kinase 4 and 3-phosphoinositide-de-
pendent kinase1, have recently been shown to mediate TCR-in-
duced activation of PKC�/IKK (32, 53). Further examination of
whether DAPK interacts with these molecules or modulates their
activation may aid in our understanding the exact stage at which
DAPK intercepts NF-�B activation in T cells, and may help unveil
additional molecular processes along the TCR-stimulated NF-�B
activation pathway.

The specific activation of DAPK lasted for 90 min after TCR
stimulation (Fig. 1A), DAPK was then inactivated before extensive
degradation in T cells (Fig. 1B). The T cell-signaling molecules

that are regulated by DAPK are likely restricted to those that are
activated before 90 min. We found that TCR-induced activation
of NFAT1 was enhanced when DAPK was inhibited by
[K42A]DAPK, yet activation of NFAT2 was attenuated in the
presence of [K42A]DAPK (Fig. 6, G and H). TCR ligation leads
to immediate dephosphorylation and translocation of NFAT1 into
the nucleus (54), while NFAT2 activation requires transcription,
new protein synthesis, and nuclear entry (55). Nuclear presence of
NFAT2 peaked 4 h after TCR stimulation (Fig. 6, G and H). We
suggest that the differential effect of DAPK on the activation of
NFAT1 and NFAT2 is likely due to the difference in the activation
kinetics between NFAT1 and NFAT2. Therefore, NFAT1, like two
other early T cell activation molecules, PKC� and ERK, is nega-
tively regulated by DAPK (Fig. 6). In contrast, NFAT2, with full
activation 4 h after TCR stimulation, is much less dependent on
DAPK. A small decrease in NFAT2 activation when DAPK was
inhibited (Fig. 6H) could be due to requirement of multiple distinct
steps in NFAT2 activation (55), that one of the steps may be pos-
itively regulated by DAPK. Further study will help delineate the
molecular process of NFAT2 activation in which DAPK
participates.

DAPK is a serine/threonine kinase with multiple domains and par-
ticipates in many forms of apoptosis. We found that Fas-triggered and
DNA damage-induced apoptosis were attenuated in [K42A]DAPK-
transgenic thymocytes and elevated in [�CAM]DAPK-transgenic
thymocytes (Fig. 4, D and E). Previous studies have illustrated
several mechanisms that contribute to the proapoptotic effect of
DAPK. In the present study, we suggest a further possibility that
inhibition of NF-�B, a major antiapoptotic molecule, contributes
to apoptosis induction in T cells. NF-�B activates the expression of
numerous antiapoptotic proteins, such as c-IAP-1, c-IAP-2, A20,
and cellular FLIP. The ability of DAPK to inhibit NF-�B therefore
suggests another physiological activity that adds to the proapop-
totic effect of DAPK by down-regulation of antiapoptotic mole-
cules in T cells. Our studies reveal for the first time the critical role
of tumor suppressor DAPK in T cell activation. Further investiga-
tion shall help delineate the exact participation of DAPK in T cell
immune responses, T cell tolerance, and T cell development.
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