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The Jun N-terminal kinases (JNKs) recently have been shown to be
required for thymocyte apoptosis and T cell differentiation and/or
proliferation. To investigate the molecular targets of JNK signaling
in lymphoid cells, we used mice in which the serines phosphory-
lated by JNK in c-Jun were replaced by homologous recombination
with alanines (junAA mice). Lymphocytes from these mice showed
no phosphorylation of c-Jun in response to activation stimuli,
whereas c-Jun was rapidly phosphorylated in wild-type cells.
Despite the fact that c-jun is essential for early development,
junAA mice develop normally; however, c-Jun N-terminal phos-
phorylation was required for efficient T cell receptor-induced and
tumor necrosis factor-a-induced thymocyte apoptosis. In contrast,
c-Jun phosphorylation by JNK is not required for T cell proliferation
or differentiation. Because jnk2—/— T cells display a proliferation
defect, we concluded that JNK2 must have other substrates re-
quired for lymphocyte function. Surprisingly, jnk2—/— T cells
showed reduced NF-AT DNA-binding activity after activation. Fur-
thermore, overexpression of JNK2 in Jurkat T cells strongly en-
hanced NF-AT-dependent transcription. These results demonstrate
that JNK signaling differentially uses c-Jun and NF-AT as molecular
effectors during thymocyte apoptosis and T cell proliferation.

R ecent studies have shown that the Jun N-terminal kinase (JNK)
signaling pathway regulates multiple biological processes in
lymphocytes. The JNK pathway is activated in response to a variety
of extracellular stresses and mitogenic factors including T cell
antigen receptor (TCR) ligation (1). Knockout mice lacking indi-
vidual jnk genes and transgenic mice overexpressing a dominant
negative JNK protein have demonstrated a role for the JNK
pathway in thymocyte apoptosis, T cell proliferation, and T cell
differentiation (2-5). JNK signaling has been reported to be
required for TCR-mediated apoptosis of thymocytes by CD3
crosslinking in the presence of anti-CD28 antibody, which provides
an auxiliary signal (3, 4). Recent studies also have implicated the
JNK mitogen-activated protein kinases in the control of T cell
differentiation (2, 5). INK2 was found to be required for T helper
cell type 1 (Thl) differentiation (5), whereas jnkl—/— mice
showed increased Th2 differentiation (2). These findings demon-
strated that the JNK isoenzymes play distinct roles during T cell
differentiation. Similarly, the analysis of JNK signaling in T cell
proliferation using jnk mutant mice revealed opposite functions for
JNK1 and JNK2. Peripheral jnk2—/— T cells show severely im-
paired T cell activation in a dose-dependent manner as measured
by proliferation and IL-2 production (4), but the absence of juk! was
reported to result in hyperproliferation, albeit IL-2 production was
normal (2). However, the role of JNK2 is controversial. In one
study, mice with JNK2 mutations showed defects in T cell differ-
entiation but not activation, whereas in another they were found to
have defects in activation but not differentiation (2, 4).

The JNKs phosphorylate and modify the activity of the AP-1
transcription factors c-Jun, JunD, JunB, ATF2, and ATFa but also
may regulate the activity of other proteins including ELK-1, Sap-1,
and NF-ATc3 (6-10). Some of the known JNK substrates, most

notably the AP-1 and the nuclear factor of activated T cell (NF-AT)
transcription factors, have been implicated in T cell function and are
thus potential effector molecules of JNK signaling in T cells. c-Jun
is a major component of the heterodimeric transcription factor
AP-1, which can associate with other transcription factors including
the NF-AT to regulate the transcription of T cell-specific target
genes such as IL-2 (11-16). c-jun— /— lymphoid cells generated by
RAG2 complementation showed incomplete restoration of thymo-
cytes, decreased proliferation of mature B cells, and increased
proliferation of T cells, but the function of c-Jun in thymocyte
apoptosis and T cell differentiation has not been analyzed (17). The
transactivation potential of c-Jun is regulated through phosphory-
lation of the serine residues 63 and 73 within its transactivation
domain by the JNKs (18, 19). N-terminal phosphorylation of c-Jun
is thought to increase transcription by stimulating the recruitment
of the coactivator proteins CREB binding protein (CBP) and p300
to target gene promoters (20, 21).

The NF-ATc (where cindicates a cytoplasmic component) family
of proteins (NF-ATcl to NF-ATc4) translocate to the nucleus in
response to a rise in intracellular calcium and combine with a
nuclear component (NF-ATn) to form the NF-AT1 transcription
complex. In lymphocytes, NF-ATn is controlled by the ras/protein
kinase C pathway. Although NF-ATn has never been purified, it can
be replaced with AP-1, c-Maf, and GATA4 (12, 22). Gene-targeting
experiments have revealed that the NF-ATc transcription factors
have multiple functions in various aspects of T cell biology (13). In
particular, NF-ATc transcription factors appear to be both positive
and negative regulators of T cell proliferation. NF-ATcl—/— T
cells show a decrease in activation-induced proliferation (23), but
absence of NF-ATc2 and NF-ATc3 results in hyperactivation of
peripheral T cells (24, 25). Moreover, overexpression of a dominant
negative NF-AT protein in T cells results in markedly reduced IL-2
production (26). Based on in vitro experiments, NF-ATc3 has been
proposed to be a target of INK-mediated phosphorylation, as INK
can negatively regulate NF-ATc3 translocation to the nucleus in
transfected cells (9).

We and others have previously shown that c-Jun is required for
embryonic development (27, 28). However, the absence of c-Jun
N-terminal phosphorylation (JNP) does not affect fetal develop-
ment (29). Thus, JNP is not essential for all functions of c-Jun,
although it does play a role in fibroblast proliferation and neuronal
apoptosis (29). To define the relevance of c-Jun as a target of JINK
signaling in lymphoid cells, we have used B and T cells isolated from
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mice in which a mutant allele of c-jun, lacking the JNK phosphoac-
ceptor sites (junAA), has replaced the endogenous c-jun gene. Here,
we provide genetic evidence that N-terminal phosphorylation of
c-Jun is involved in thymocyte apoptosis but surprisingly is not
required for B and T cell proliferation and differentiation. This
finding demonstrates that JNK function must be exerted on a
substrate other than c-Jun. We found that the DNA binding and
transactivation activity of the NF-AT transcription factor complex
is regulated by JNK2 upon peripheral T cell stimulation, suggesting
that NF-AT, but not c-Jun, is an essential mediator of JNK signaling
in T cell proliferation.

Materials and Methods

Mice. Mice carrying a mutant c-jun allele, which has the JNK
phosphoacceptor serines 63 and 73 mutated to alanines, were
generated by using homologous recombination in embryonic stem
cells as described (29). The mice used in this study were in a
129X C57/B6XCBA genetic background. The jnk2 mutant mice
were in a 129XC57/B6 background (4). For all experiments,
sex-matched littermates were used.

Flow Cytometric Analysis. Single cell suspensions of thymus,
spleen, and bone marrow were prepared and stained by standard
procedures and analyzed on a FACScan flow cytometer (Becton
Dickinson) using CELLQUEST software.

In Vitro Apoptosis Assays. Freshly isolated thymocytes were plated
at 5 X 10° cells/ml in each well of a 24-well dish. For anti-CD3e-
induced cell death, wells were precoated with various concentra-
tions of the antibody for 1 h at 37°C, and thymocytes subsequently
were cultured for the indicated periods. Apoptosis also was induced
by addition of various concentrations of anti-Fas (clone Jo-2,
PharMingen), dexamethasone (Fluka), or by UVC irradiation
using a Stratagene crosslinker. Apoptotic cells were double-positive
for Annexin-V and PI. After incubation for the indicated periods
at 37°C, the cells were harvested and stained with FITC-conjugated
Annexin-V (PharMingen) and propidium iodide and analyzed with
a FACScan cytometer as described above. Thymocytes cultured in
medium alone served as controls to measure spontaneous rate of
cell death. Viability of thymocytes is expressed as percentage of
viable thymocytes treated with apoptotic stimuli over viability of
untreated thymocytes. The results are representative of four inde-
pendent experiments, each using three pairs of mice. All experi-
ments were performed in duplicate.

In Vivo Thymocyte Death Assay. Twelve-week-old wild-type and
JjunAA mice were injected with either PBS or various doses of
purified anti-CD3 antibody (PharMingen) intraperitoneally. Af-
ter 45 h, mice were killed and thymi were removed. Single cell
suspensions were prepared and subjected to flow cytometric
analysis after staining with appropriate antibodies. The results
are representative of two independent experiments, each using
five pairs of mice for each dose of CD3 antibody.

T Cell Differentiation. Total splenocytes or purified CD4" T cells
were differentiated in vitro into effector T cells by activation with
Con A in combination with IL-12 and anti-IL-4 antibody (Thl
differentiation) or IL-4 and anti-IL-12 antibody (Th2 differentia-
tion) as described (24).

Proliferation Assays and ELISA. T cells from spleen of wild-type and
JjunAA mice were purified by FACS sorting the CD4" and CD8"
populations. Purified cells were plated in 96-well plates pre-
coated with anti-CD3e for 2 h at 37°C in the absence or presence
of soluble anti-CD28. After 60 h, cultures were pulsed for 10-12
h with 1 pCi of [*H]thymidine/well, and cells subsequently were
harvested and analyzed by standard procedures. T lymphocytes
stimulated with anti-CD3e for 24 h were harvested, and the
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supernatants were used for measurement of IL-2 levels by
ELISA (R & D systems). B cell proliferation was analyzed by
stimulation of B220™" spleen cells with IL-4 (50 units/ml), soluble
anti-CD40 (1 ug/ml), or lipopolysaccharide (10 wg/ml). The
magnitude of stimulated [*H]thymidine incorporation was used
as an indicator of cell proliferation. The results are representa-
tive of three independent experiments, each using three pairs of
mice. All experiments were performed in triplicate.

Western Blot Analysis. Western blot analysis was performed with
50 pg of nuclear cell extracts from primary splenocytes as
described (4) and probed with anti-phospho-c-Jun (serine 63)
(from M. Yaniv, Pasteur Institute, Paris), anti-c-Jun (Transduc-
tion Laboratories, Lexington, KY), anti-JNK2 (SC-7345, Santa
Cruz Biotechnology), and anti-NF-ATcl antibodies. Proteins
were visualized by ECL (Amersham Pharmacia).

Cell Culture and Transfections. Jurkat TAg (simian virus 40 T
antigen) cells (30) were grown in RPMI 1640 supplemented with
10% (vol/vol) FCS, 20 mM L-glutamine, 100 units/ml penicillin
G, and 100 mg/ml streptomycin in a 5% CO,, 95% air-humidified
atmosphere. For transfections, 107 Jurkat-TAg cells were elec-
troporated in 0.3 ml of complete medium (Bio-Rad gene pulser;
960 mF, 250 V, 0.4-cm gap width) with 6 pg of hemagglutinin-
tagged JNK-2 mammalian expression construct and 2 ug of
NF-AT-luciferase reporter plasmid (31).

Reporter Gene Assays. Cells were harvested 24 h after transfection
and aliquoted in duplicate into 24-well flat-bottom plates and
stimulated with ionomycin (1 uM) and phorbol 12-myristate
13-acetate (PMA, 25 ng/ml). Luciferase activity was measured
18 h after stimulation. To monitor protein expression, cells were
lysed 36 h after transfection in RIPA buffer (0.15 mM NaCl/0.05
mM TrissHCl, pH 7.2/1% Triton X-100/1% sodium deoxy-
cholate/0.1% SDS), and Western analysis was performed (32).

Nuclear Extracts and Electrophoretic Mobility Shift Assay. Nuclear
extracts were prepared from total lymph node cells as described
(22). The double-stranded oligonucleotide used in the mobility
shift assay to detect NF-AT DNA binding was from the distal
NF-AT binding site from the human IL-2 promoter (5'-
gatcggaggaaaaactgtttcatacagaaggegt-3'), and the AP-1 oligonu-
cleotide sequence was 5'-ggggtgactcagggg-3'.

Results

The Hematopoietic System Is Not Altered in the Absence of JNP. To
examine if JNP has a role in the development of the hematopoietic
system, we first determined the distribution of the different thymic
subpopulations. No differences in the percentages and ratios of
immature double negative CD4-CD8~, double positive
CD4*CD8*, or mature single positive CD4* and CD8" cells
between junAA and wild-type mice were observed. In addition, the
expression of other differentiation markers (TCR, CD25, HSA)
that characterize the maturation stages of each population was
normal in the absence of JNP (data not shown). Normal staining
patterns also were found for c-kit, B220, and Macl/GR1 in the
bone marrow, and the ratio of CD4" and CD8" mature T cells and
the percentage of B220* B cells in the spleen of jun4A4 mice were
comparable to wild-type mice. The analysis of whole blood from
JjunAA mice by clinical chemistry revealed no obvious abnormalities
in the numbers of platelets, white blood cells and red blood cells,
hemoglobin content, or hematocrit (data not shown).

junAA Thymocytes Are Protected from Tumor Necrosis Factor «
(TNFa)- and Anti-CD3-Induced Cell Death. To investigate the role of
c-Jun in JNK-mediated thymocyte apoptosis, we compared the
susceptibility of wild-type and junAA thymocytes to cell death
induced by incubation with anti-CD3 antibody and other stimuli.

Behrens et al.
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Fig. 1. Resistance of junAA-deficient thymocytes to death caused by apoptotic
stimuli in vitro and in vivo. (A and B) Thymocytes from wild-type (black symbols)
and junAA (gray symbols) mice were cultured on 24-well plates with various
concentrations of immobilized anti-CD3e antibody for 24 h (A) or for the indi-
cated periods (B) in the presence of 100 wg/ml anti-CD3e antibody, and their
viability was determined. (Cand D) Cell death was induced by addition of various
concentrations of TNFa to the medium, and cell viability was determined after
24 h (C) or after 24 and 48 h postaddition of 50 ng/ml TNFa (D). (E and F)
Thymocyte viability was determined after treatment with various concentrations
of anti-Fas antibody for 24 h (E) or with 1 ug/ml anti-Fas antibody after 24 and 48 h
(F). One representative result of four independent experiments, each using three
pairs of mice, is shown. (G) Death of CD4"CD8 double positive thymocytes was
induced by i.p. injection of the indicated doses of anti-CD3¢ antibody in wild-type
(black symbols) and junAA (white symbols) mice, and the number of CD4*CD8*
double positive thymocytes was determined after 45 h. Statistical significance was
analyzed by Student’s t test. *, P < 0.05; **, P < 0.01.

Although the rate of spontaneous apoptosis was similar between
wild-type and junAA thymocytes in vitro, c-Jun N-terminal phos-
phorylation was required for maximal TCR-induced apoptosis.
Thymocytes lacking JNP were consistently more resistant than their
wild-type counterparts to incubation with low doses (1 and 10
pg/ml) of anti-CD3 (100% vs. 96.1% and 93.5% vs. 78.1% viability
at 24 h) (Fig. 14). At a higher anti-CD3 dose (100 ug/ml), 83.6%
of junAA thymocytes were viable at 24 h compared with 72.9% of
wild-type thymocytes (Fig. 14). After 48 h, junAA thymocytes were
still more resistant than wild-type thymocyte CD3 (45.8% vs.
25.9%) (Fig. 1B). This phenotype is similar to, but less pronounced
than, the apoptosis defect observed in juk2—/— thymocytes,
suggesting that c-Jun is a downstream target of the JNK signaling
cascade during TCR-mediated cell death in vitro.

Aswe have observed that INK signaling was essential for efficient
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thymocyte apoptosis in a stimulus-dependent manner (4), we tested
survival of thymocytes in response to various apoptotic stimuli. The
proinflammatory cytokine TNF« is a potent inducer of both INK
and AP-1 activity. In transformed cell lines, JNK activation was
shown to occur through a noncytotoxic pathway (33-35). Interest-
ingly, JNP is required in thymocytes for TNFa-induced apoptosis as
increasing doses of TNFa (50 and 100 ng/ml) failed to efficiently kill
JunAA cells (94.4% vs. 86.9% and 84.4% vs. 74.8% viability at 24 h)
(Fig. 1C). The resistance of junAA thymocytes to TNFa-induced
apoptosis became most apparent after 48 h of incubation (Fig. 1D)
when 43.1% of wild-type cells had died, whereas only 16.1% of
JjunAA thymocytes were dead, suggesting that INK-mediated phos-
phorylation of c-Jun plays a proapoptotic role in TNFa-induced cell
death in thymocytes. In contrast, junAA4 thymocytes were not
significantly more resistant than wild-type thymocytes to apoptosis
induced by incubation with agonistic anti-Fas antibody, the syn-
thetic glucocorticoid dexamethasone, and U V-C irradiation (Fig. 1
E and F; data not shown). To confirm a relevant function of JNP
in CD3-induced cell death in vivo, we challenged junAA and control
mice with anti-CD3 antibody injections. At a low dose of anti-CD3
(10 mg), no statistically significant differences between wild-type
and junAA mutant mice could be observed (43% vs. 58%
CD4*CD8" double positive thymocytes) (Fig. 1G). However, the
JjunAA mutation resulted in markedly decreased thymocyte death in
response to a higher dose of anti-CD3 (30 ug), as after 45 h only
14% of wild-type CD4*CD8" double positive thymocytes were
present compared with 37% in mice lacking JNP (Fig. 1G). Mice
lacking jnk2 are also resistant to CD3-induced thymocyte apoptosis
in vivo (4), suggesting that c-Jun may be a molecular target of INK2
in this biological process. Therefore, JNP appears to contribute to
anti-CD3- and TNFa-induced thymocyte death.

T Cell Differentiation Without JNP. Naive CD4* Th cells can differ-
entiate into two subsets of effector T cells that have been defined
on the basis of their distinct cytokine secretion patterns and their
immunomodulatory effects. Thl cells produce IFNy, which is
required for cell-mediated inflammatory reactions; Th2 cells se-
crete 1L-4, IL-5, IL-6, IL-10, and IL-13, which mediate B cell
activation and differentiation (36). Moreover, AP-1 activity is
strongly induced during Th2 differentiation, and c-Jun is present in
Th2 cells (37). To test whether c-Jun is required for INK-mediated
T cell differentiation, naive junAA and wild-type control spleno-
cytes (or CD4* purified T cells, data not shown) were differentiated
in vitro into effector cells by activation with Con A in combination
with IL-12 and anti-IL-4 antibody (Th1 differentiation) or IL-4 and
anti-IL-12 antibody (Th2 differentiation). After 4 days of differen-
tiation, the cells were washed and counted, and equal numbers of
cells were restimulated with Con A in the absence of exogenous
cytokines. Supernatants were harvested after 24 h and analyzed for
cytokine secretion. No significant difference in the production of
IFNvy in effector Th1 cells was observed (585 pg/ml in wild-type and
688 pg/ml in junAA cells) (Fig. 24). Similarly, IL-4 production was
normal in effector Th2 cells from junAA mice (100 pg/ml) com-
pared with wild-type littermate controls (71 pg/ml) (Fig. 2B).
Similar results were obtained after restimulation with anti-CD3
antibody (data not shown). The reported increase in Th2 differen-
tiation in jnkl—/— mice is much more dramatic than in JNP-
deficient mice, suggesting that c-Jun is only a minor, if at all, target
of JNK signaling in this biological process. In the absence of a
polarizing cytokine, CD4* T cells develop into a ThO-like popula-
tion that produces low levels of both IL-4 and IFNvy. To determine
the Th phenotype of CD4* T cells in junAA mice under neutral
conditions, splenocytes were differentiated in the absence of added
cytokines. After restimulation with Con A (or anti-CD3 antibody,
data not shown), the production of both IL-4 and IFNvy was
comparable between wild-type and junAA ThO cells (Fig. 2). These
data suggest that c-Jun is not an important substrate of neither
JNKI1- nor JNK2-mediated T cell differentiation.
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Fig. 2.  Analysis of cytokine production in effector Th1 and Th2 cells from
wild-type and junAA mice. (A) IFNyproduction by ThO and Th1 cells differentiated
from wild-type (filled bar) and junAA (empty bar) T cells was determined by ELISA.
(B) IL-4 production by ThO and Th2 cells differentiated from wild-type (filled bar)
and junAA (empty bar) T cells was determined by ELISA. One representative result
of three independent experiments, each using three pairs of mice, is shown.

JNP Is Not Required for B and T Cell Proliferation. To investigate the
requirement of JNP for lymphocyte activation, the proliferation of
JNP-deficient lymphocytes in response to treatment with various
stimuli was measured. Proliferation of splenic B cells in response to
lipopolysaccharide, CD40 antibody, and IL-4 stimulation was not
affected by the absence of JNP (Fig. 34), similar to that of B cells
lacking the JNKs (4, 53). Splenic T cells were sorted for CD4* and
CD8*, and T cell activation was monitored by cell proliferation and
IL-2 production. TCR ligation by anti-CD3 in combination with
anti-CD28 antibody and Con A treatment resulted in comparable
rates of T cell proliferation and similar levels of IL-2 production in
both wild-type and junAA T cells (Fig. 3 B and C). There was no
significant difference in proliferation rates and IL-2 production at
limiting doses of anti-CD3 stimulation as was observed with
jnk2—/— T cells. Similar results were obtained with total spleno-
cytes (data not shown). These findings indicate that JNP is not
essential for the proliferation of both B and T cells.

JNK2 Regulates NF-AT Activity in T Cells. Phosphorylation regulates
both the stability of c-Jun and autoregulation of c-jun transcription
(38, 39). The absence of a proliferation defect in JNP-deficient T
cells could be explained by altered stability of the JunAA protein
and subsequent higher JunAA protein levels, which might func-
tionally compensate the absence of JNP. Examination of NP in vivo
revealed that c-Jun was N-terminally phosphorylated upon T cell
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Fig. 3. Normal proliferation of junAA B and T cells. (A) Purified B cells from
spleens of 8-to 10-wk-old mice were cultured in media or in the presence of
plate-bound anti-CD40 antibody, IL-4, or lipopolysaccharide. (B) Purified T cells
from spleens of 8-to 10-wk-old mice were cultured in media or in the presence of
various concentrations of plate-bound anti-CD3e antibody and soluble anti-CD28
antibody, or in the presence of Con A. (C) IL-2 production was measured by ELISA
after 24-h stimulation of purified T cells as described above. One representative
result of four independent experiments, each using three pairs of mice, is shown.

activation in wild-type T cells but not in activated junA4A T cells (Fig.
44). Accordingly, the levels of c-Jun were increased in wild-type T
cells in response to TCR ligation (Fig. 44). The levels of JunAA
protein in JNP-deficient T cells also increased, albeit the protein
levels appeared to be slightly reduced compared with wild type (Fig.
4A4). Therefore, although JNP and the JNP-mediated increase in
c-Jun protein levels were affected injunAA T cells, these cells do not
exhibit a proliferation defect. This finding argues against JNP or
JNP-mediated increase in c-Jun as critical events regulating T cell
activation.

In an attempt to identify factors, which might be responsible
for T cell signal transduction via the JNK pathway, we examined
whether NF-AT DNA-binding activity is altered in the absence
of JNK2. The NF-AT transcription complex was absent in

Behrens et al.
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Fig. 4. Reduced NF-AT DNA-binding activity jnk2-deficient T cells. (A) JNP
and c-Jun protein levels were measured by using nuclear extracts from un-
treated or anti-CD3/anti-CD28 stimulated splenocytes. (B) Cytoplasmic and
nuclear extracts from untreated (—) and PMA /ionomycin-stimulated (for 3 h,
indicated by +) wild-type and jnk2—/— lymph node T cells were prepared,
and NF-ATc1 protein was detected by Western analysis. (C) Nuclear extracts
from PMA /ionomycin-stimulated (for 3 h) wild-type and jnk2—/— lymph
node T cells were prepared 3 h after stimulation, and NF-AT and AP-1 DNA
binding was detected by electrophoretic mobility shift assay.

nonstimulated nuclear extracts of wild-type and jnk2— /— T cells
but appeared upon T cell stimulation. NF-ATc1 was expressed
at wild-type levels and efficiently translocated from the cyto-
plasm into the nucleus in both jnk2—/— and wild-type T cells
(Fig. 4B). NF-ATc2 (also called NFATp or NF-AT1) also was
expressed at equivalent levels and translocated to the nucleus in
both wild-type and jnk2— /— T cells (data not shown). However,
NF-AT DNA binding using the distal IL-2 site (14) could not be
detected in juk2—/— T cells stimulated with either PMA and
ionomycin or anti-CD3 (Fig. 4C). In contrast, AP-1 DNA-
binding activity was not reduced in the absence of jnk2 (Fig. 4C).

To further investigate the regulation of NF-AT by JNK2, a
JNK2 expression construct was transfected into Jurkat T cells,
and the levels of NF-AT transcriptional activity were measured
by using a luciferase reporter gene. PMA /ionomycin treatment
of vector-transfected cells resulted in elevated NF-AT reporter
gene activity (Fig. 54). PMA /ionomycin-stimulated Jurkat cells
overexpressing JNK2 showed a 2-fold increase in NF-AT activity
compared with vector-transfected cells (Fig. 54). Ectopic ex-
pression of JNK2 in Jurkat cells led to an approximate doubling
of total cellular JNK2 protein (Fig. 5B). The increase in JNK2
protein levels by transfection correlates well with the elevation
of NF-AT reporter gene activity (Fig. 5), strongly suggesting that
the NF-AT transcription factor complex is a physiological target
of INK2 and that JNK2 is a positive regulator of NF-AT complex
formation and transcriptional activity.

Discussion

Protein phosphorylation is an important posttranslational mecha-
nism to regulate the subcellular localization and the activity of
transcription factors (1, 12). Although the signaling events leading
to the activation of the various groups of mitogen-activated protein
kinases are relatively well understood, little is known about the
substrates used by these kinases in different biological processes (1).
The JNK family of mitogen-activated protein kinases was identified
as the c-Jun phosphorylating kinases, and only recent results
indicate that several other proteins can be phosphorylated by the
JNKSs in vitro (6-10). The JNK signaling pathway regulates several
aspects of neural and T cell development (2, 4, 5, 40). Embryos
lacking both juklI and jnk2 are characterized by a defect in neural
closure and exhibit exencephaly due to an apoptosis defect (40, 41).
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struct. Protein extracts were prepared 24 h after transfection, and luciferase
activity was measured in duplicate. (B) JNK2 protein levels in Jurkat T cells
transfected with control vector and a JNK expression construct were deter-
mined by Western analysis.
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c-Jun is not a substrate of the JNKs in this developmental process
because neurogenesis proceeds normally in junAA mice (29). In
contrast, c-Jun is the essential substrate downstream of JNK3
during kainate-induced neuronal apoptosis (29, 42). Because there
are c-Jun-dependent and -independent biological functions of JNK
signaling, other molecular effectors in addition to c-Jun may be used
in neuronal cells.

In this study, mice lacking JNP and mice lacking jnk2 were used
to investigate the downstream targets of the JNK pathway in
lymphoid cells. Our data suggest that c-Jun is likely to be a target
of the JNKSs in thymocyte apoptosis. jnk2— /— and junAA mice are
both more resistant than wild-type to CD3-induced thymocyte
death in vivo and in vitro, providing evidence that JNK death
signaling is partially mediated by c-Jun N-terminal phosphoryla-
tion. Surprisingly, junAA thymocytes are less susceptible to TNFa-
induced death but are normally killed by the FAS pathway. The
death machinery used by both pathways is believed to be similar, but
importantly, TNF signaling, in contrast to FAS signaling, has both
cytoprotective and cytotoxic effector arms (43). As c-jun can
function both as an activator and as a repressor of transcription (44),
it is possible that JNP is required for the efficient expression of a
proapoptotic target gene. Alternatively, JNP may repress a target
gene involved in cell survival, which would be consistent with
previously published work showing JNK activation by TNF recep-
tors through a noncytotoxic pathway (33-35).

The role of JNK2 in lymphocyte activation and differentiation
is controversial. Other investigators have observed normal T cell
proliferation in response to PMA /ionomycin stimulation but
defective differentiation in mice lacking jnk2 (2). In contrast, we
see no bias in differentiation but a defect in activation of IL-2 and
proliferation in JNK2-deficient mice (4). These differences could
be due to strain differences, which are known to profoundly
effect T cell differentiation responses. In addition, whereas other
investigators have seen delayed activation of JNK after T cell
activation (45), we find that JNK activity in vivo is seen within
30 min of T cell activation. We have assayed JNK activity in vivo
by using the difference between the phosphorylation of endog-
enous wild-type and endogenous c-Jun containing mutations of
the phosphorylation sites (Fig. 44). The other studies used an in
vitro kinase assay that does not identify the actual residues
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phosphorylated in c-Jun. Hence, the apparent delay in JNK
activation might reflect the activity of other kinases.

Based on our findings, it is unexpected that JNP is not required
for T cell proliferation mediated by JNK2, because lack of JNP
results in a proliferation defect in other cell types such as mouse
embryonic fibroblasts (29). However, the NF-AT transcription
factor could be responsible for the T cell proliferation defect
observed in juk2—/— mice (4). NF-ATcl—/— and jnk2—/— T
cells both showed reduced proliferation, indicating that the NF-AT
transcription factor may be a physiological effector of JNK in this
biological process (4, 23). The NF-AT transcription factor complex
is composed of a nuclear component (NF-ATn) and a cytoplasmic
component (NF-ATc), which translocates to the nucleus in re-
sponse to various signals including TCR ligation (12, 22). Tran-
scription factors like AP-1, c-Maf, and GATA4 as well as other
unidentified components can function as NF-ATn and coopera-
tively bind to DNA with members of the NF-ATc family (12, 46, 47).
The DNA binding activity of NF-AT is greatly reduced in activated
jnk2—/— T cells, indicating that INK2 is required for the biological
function of the NF-ATc and/or the NF-ATn component of the
transcription factor complex. The absence of NF-AT DNA binding
could be explained by a subtle defect in T cell development in
Jnk2— /— mice. However, ectopic overexpression of JNK2 in Jurkat
T cells resulted in elevated NF-AT-dependent transcription, sug-
gesting a direct effect of JNK signaling on NF-AT. JNK2 does not
appear to affect the protein levels and the stability of nuclear
NF-ATcl and NF-ATc2. Similarly, NF-ATcl and NF-ATc2 trans-
location to the nucleus is normal in jnk2—/— peripheral T cells,
excluding JNK2 as a regulator of this process. In agreement with our
findings, Werlen et al. (48) have found using Jurkat T cells that
stimulation of JNK activity resulted in elevated NF-AT-dependent
transcription. However, our data are in contrast to other published
observations, which suggested an inhibition of NF-AT activity by
JNK signaling. JNK-mediated phosphorylation of NF-AT was
reported to negatively regulate nuclear translocation in transfection
studies in cell lines (9, 49). These differences could be due to the
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different cellular and experimental systems used, i.e., transient
transfection in cell lines vs. primary knockout lymphocytes, because
in different cellular systems distinct signaling pathways may regulate
different NF-ATc transcription factors. Dong et al. (2, 50) found
hyperproliferation and increased NF-AT activity in juk! mutant T
cells, suggesting that JNK1 negatively regulates NF-AT. However,
both of these phenotypes are not present in our strain of jnkl-
deficient mice (53). It can only be speculated that differences in the
design of the knockout strategy or genetic background of the
mutant mouse strains are responsible for the observed discrepan-
cies. As we have no evidence for a direct effect of JNK signaling on
NF-ATc transcription factors, JNK2 may regulate the DNA-
binding affinity of the NF-AT complex by controlling the activity of
NF-ATn. Our data are consistent with a large body of experimental
data that indicate that in primary lymphocytes, neurons, and other
cell types and cell lines, signals that activate JNK synergize with
Ca?* signals to activate NF-AT-dependent transcription (15, 16, 22,
32, 51, 52).

Taken together, these data suggest that JNK signaling may use
distinct substrates for different aspects of T cell biology. C-Jun is
one target of JNK2 during thymocyte apoptosis, whereas the DNA
binding activity of the NF-AT transcription factor complex is
regulated by JNK2 during T cell proliferation. One of the major
challenges will be to understand at the molecular level how distinct
JNK isoenzymes, which can play nonoverlapping and even opposite
roles in response to the same stimulus, are capable of recruiting
various sets of target proteins to control a multitude of biological
effects.
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