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Physiological Roles of SAPK/JNK Signaling Pathway
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Stress-activated protein kinase/c-Jun NH,-terminal kinase (SAPK/JNK) is activated
by many types of cellular stresses and extracellular signals. Recent studies, including
the analysis with knockout mice, have led to progress towards understanding the
physiological roles of SAPK/JNK activation in embryonic development in addition to
immune responses. SAPK/JNK activation plays essential roles in organogenesis dur-
ing mouse development by regulating cell survival, apoptosis, and proliferation. Two
SAPK/JNK activators, SEK1 and MKKY7, are required for fetal liver formation and full
activation of SAPK/JNK, which responds to various stimuli in an all-or-none manner.
This article focuses on physiological roles of SAPK/JNK activation in fetal liver for-

mation and in apoptosis regulation.
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Developmental programs and environmental agents trig-
ger distinct and evolutionarily conserved kinases that
relay signals mediating survival, death, proliferation,
and cell cycle arrest. Mitogen-activated protein kinases
(MAPKSs) are evolutionarily conserved serine/threonine
kinases involved in regulation of many cellular events.
Several MAPK groups have been identified in mamma-
lian cells, including extracellular signal-regulated kinase
(ERK), p38, and SAPK/JNK. These MAPKs are activated
by their specific MAPK kinases (MAPKKs): ERK by
MEK1 and MEK2, p38 by MKK3 and MKK6, and SAPK/
JNK by SEK1 (also known as MKK4) and MKK7 (SEK2).
These MAPKKSs are also activated by various MAPKK
kinases (MAPKKXKs) such as Raf, MLK, MEKK1, TAK1,
and ASK1.

SAPK/JNK is ubiquitously expressed and is activated
by many types of stress, including UV and y-irradiation,
protein synthesis inhibitors (anisomycin), hyperosmolar-
ity, toxins, ischemia/reperfusion injury in heart attacks,
heat shock, anticancer drugs (cisplatinum, adriamycin,
or etoposide), ceramide, T-cell receptor stimulation, per-
oxide, and inflammatory cytokines such as TNFa.
Recently, several in vitro and in vivo experiments have
shown that SAPK/JNK is activated synergistically by
SEK1 and MKKY7. The SAPK/JNK stress pathway parti-
cipitates in many different intracellular signaling path-
ways that control a spectrum of cellular processes,
including cell proliferation, differentiation, transforma-
tion, apoptosis, migration, and cytoskeletal integrity.
SAPK/JNK has been reported to phosphorylate tran-
scription factors in addition to c¢-Jun, such as ATF-2, Elk-
1, p53, and c-Myc, as well as nontranscription factors
such as Bcl-2, Bel-xLi, paxillin, and MAP2 (1-6). This
review summarizes recent progress in the SAPK/JNK
signaling pathway in mouse development and the molec-
ular mechanism of SAPK/JNK activation.
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Role of SAPK/JNK in mouse development

All three Jnk (Jnkl, 2, and 3), and sek1 and mkk7 loci
have been knocked out. JNK1 and JNK2 are widely
expressed in many tissues, but JNK3 is expressed pre-
dominantly in nervous system. Mice deficient in the sin-
gle gene of Jnkl, Jnk2, or Jnk3, and Jnkl/Jnk3— or
Jnk2/Jnk3—-double mutant mice all survived normally.
Mice lacking both JNK1 and JNK2 die around embryonic
day 11 (E11) with severe dysregulation of apoptosis in
the brain (7, 8). Specifically, there was a reduction of cell
death in the lateral edges of the hindbrain prior to neural
tube closure. In contrast, increased apoptosis and cas-
pase activation were found in the mutant forebrain.
These results assign both pro-and anti-apoptotic func-
tions to JNK1 and JNK2 in the development of the fetal
brain.

Sek17- embryos die between E10.5 and E12.5 with
impaired liver formation and massive apoptosis (9—12).
We have recently shown that SEK1-mediated SAPK/JNK
pathway downstream TNF-a receptor 1 (TNFR1) partici-
pates in embryonic hepatoblast proliferation and sur-
vival via a pathway different from NF-xB—induced anti-
apoptosis (13). Furthermore, mkk77~ embryos die
between E11.5 and E12.5 with similar defects in liver for-
mation (14). These results indicate that SEK1 and MKK7
cannot substitute for one another in vivo and that both
are important for hepatoblast proliferation and survival
during mouse embryogenesis (Fig. 1).

Role of SAPK/JNK in apoptosis regulation

It has been proposed that SAPK/JNK activation trig-
gers the mitochondria-dependent apoptosis in response
to many types of stress, including UV-irradiation. Both
Jnkl7- Jnk27 and sekl”’~ mkk7-~ mouse embryonic
fibroblasts (MEFs) exhibited profound defects in stress-
induced apoptosis (15, 16). These results strongly suggest
that the SAPK/JNK activation directly regulates mito-
chondria-dependent apoptosis in the pro-apoptotic direc-
tion. In contrast, sekl”~ mkk7-- ES cells show normal
apoptotic responses, including DNA fragmentation and
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Fig. 1. A proposed model for SAPK/JNK signaling pathway in
hepatoblasts. The numbers in parentheses are dates of embryonic
lethality reported in previous papers. TNFa elicits a wide range of
biological responses, such as inflammation, tumor necrosis, differ-
entiation, cell proliferation, and apoptosis, through the stimulation
of its receptor, TNFR1. The induction of apoptosis, NF-kB activa-
tion, and SAPK/JNK activation are simultaneously mediated
through TNFR1. SAPK/JNK activation is involved in cell prolifera-
tion, while activation of NF-xB protects against the apoptosis in
hepatoblasts (13).

caspase 3 activation, even though apafli~- ES cells
exhibit profound defects in the mitochondria-dependent
apoptosis (17). In those sekl”~ mkk7-- ES cells, the
SAPK/JNK activation by various stresses was completely
abolished. Normal apoptotic responses without SAPK/
JNK activation were also observed in fibroblasts derived
from sekI”~ mkk7-- ES cells. These results raised the
question of whether SAPK/JNK activation is indeed
required for the induction of cell death in response to
apoptosis inducers. Thus, the physiological role of SAPK/
JNK activation in cell survival and apoptosis is contro-
versial, being suggested to have a pro-apoptotic, an anti-
apoptotic, or no function (18).

From our recent results, it appears that the various
roles of SAPK/JNK activation in apoptosis depend on the
cell types and conditions observed. While late passage
mkk7-— MEFs are resistant to cell death in the same
manner as Jnkl7~ Jnk27- and sek1”~- mkk77- MEFs (15,
16), mkk77- MEFs at earlier cell passages (passages 1-4)
undergo apoptosis in response to UV exposure with the
same kinetics and to the same extent as wild-type MEF's
(14). These results support the notion that SAPK/JNK
activation is not always involved in apoptosis, but this
activation rather regulates apoptosis in a signal-specific
(and perhaps cell type-dependent) manner. Our results in
MEFs indicate that the ‘history’ and passage number of
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Fig. 2. SAPK/JNK activation in response to hyper-osmolar
stress (sorbitol) requires both SEK1 and MKK?7 in ES cells.
Wild-type, sek17-, and mkk7-- ES cells were stimulated with the
indicated concentrations of sorbitol for 30 min.

cells is a critical determinant of cell death susceptibility
in the absence of MKK?7 expression.

SAPK/JNK activation as a molecular switch in an
all-or-none manner

Recently, Ferrell et al. have proposed the interesting
concept that SAPK/JNK-signaling cascade could, in prin-
ciple, function as a sensitivity amplifier, which converts
graded inputs into more switch-like outputs, allowing the
cascade to filter out noise and yet still respond decisively
to supra-threshold stimuli (19, 20). They have shown in
Xenopus oocytes, HeLa cells, HEK293 cells, and Jurkat T
cells that SAPK/JNK responds to physiological and path-
ological stimuli, such as progesterone and sorbitol, in an
all-or-none manner. The activation of SAPK/JNK by the
stimuli was graded at the level of a population of oocytes;
however, at the level of an individual oocyte, the stimula-
tory response appeared to be switch-like. Indeed, we have
also observed a very steep concentration-dependent
response in the activation of SAPK/JNK by hyper-osmo-
lar stress, sorbitol, in wild-type murine embryonic stem
(ES) cells but not in sek17~ and mkk7-"- cells (Fig. 2) (21).
This suggests that the all-or-none type MAPK activation
also occurs in mammalian cells at an individual cell level
only when the two MAPKKSs are simultaneously activated.
Therefore, this MAPK signaling should strictly proceed
without errors basically through two separate signals, one
that activates SEK1 and one that activates MKK7. The
full activation of SAPK/JNK by SEK1 and MKK7 may be
required for hepatoblast proliferation (Fig. 1).

Molecular mechanism of SAPK/JNK activation in
living cells

Activation of SAPK/JNK requires the dual phosphor-
ylation of Tyr and Thr residues located in a Thr-Pro-Tyr
motif in the activation loop between VII and VIII of the
kinase domain. The phosphorylation is catalyzed by the
dual specificity kinases, SEK1 and MKK7, which are
capable of catalyzing the phosphorylation of both Thr and
Tyr residues. Recent studies have shown that SEK1 pref-
erentially phosphorylates the Tyr residue, and MKK7 the
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Fig. 3. Schematic description of SAPK/JNK phosphorylation
by SEK1 and MKKY in vitro and in vivo. A: Synergistic activa-
tion of SAPK/JNK by the dual-specificity kinase, SEK1 or MKK?7,
which has been reported in in vitro conditions (22—-24). B: Synergis-
tic activation of SAPK/JNK through sequential phosphorylation by
SEK1 and MKK?7 in murine living cells (21, 25). TPY, Thr-Pro-Tyr
motif.

Thr residue of SAPK/JNK in vitro (Fig. 3A) (22-24).
Strong support for this activation mechanism has been
obtained from studies of SEK1- and MKK7-gene disrup-
tion in ES cells (21, 25). The severe impairment of SAPK/
JNK activation observed in mkk7-- ES cells was accom-
panied by a loss of the Thr-phosphorylation of SAPK/
JNK, without marked reduction in its Tyr-phosphoryla-
tion level. On the other hand, Thr-phosphorylation of
SAPK/JNK in sek17~ ES cells was also attenuated, in
addition to a decreased level of its Tyr-phosphorylation.
These results indicate that the Tyr and Thr residues of
SAPK/JNK are sequentially phosphorylated by SEK1
and MKKY7, respectively, in stress-stimulated living cells
(Fig. 3B).

Conclusion

SAPK/JNK activation by SEK1 and MKKY is required
for embryonic hepatoblast proliferation. The full activa-
tion of SAPK/JNK occurs only when the two MAPKKSs
are simultaneously activated. The Tyr and Thr residues
of SAPK/JNK are sequentially phosphorylated by SEK1
and MKKY7, respectively, in living cells.

SAPK/JNK may either protect or enhance sensitivity
to apoptosis depending on the cell type, stimuli, and the
latency of the activation of the MAPK. Our recent results
in MEFs indicate that the “history” and passage number
of cells are a critical determinant of cell death suscepti-
bility in the absence of MKK7 expression. In this apop-
totic pathway, SAPK/JNK seems to function through its
effects on gene expression but not a direct effect on the
effectors of apoptosis. These new findings could also solve
the controversial data that have been obtained in differ-
ent cell types and in different laboratories.
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