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The transmembrane protein Notch is cleaved by y-secretase to
yield an active form, Notch intracellular domain (Notch-IC), in
response to the binding of ligands, such as Jagged. Notch-IC
contributes to the regulation of a variety of cellular events,
including cell fate determination during embryonic development
as well as cell growth, differentiation, and survival. We now show
that Notch1-IC suppresses the scaffold activity of c-Jun N-terminal
kinase (JNK)-interacting protein 1 (JIP1) in the JNK signaling path-
way. Notch1-IC physically associated with the JNK binding domain
of JIP1 and thereby interfered with the interaction between JIP1
and JNK. JIP1 mediated the activation of JNK1 induced by glucose
deprivation in mouse embryonic fibroblasts, and ectopic expres-
sion of Notch1-IC inhibited JNK activation and apoptosis triggered
by glucose deprivation. Taken together, these findings suggest
that Notch1-IC negatively regulates the JNK pathway by disrupting
the scaffold function of JIP1.

scaffold | apoptosis | glucose deprivation

Signaling by Notch is associated with a variety of cellular
events, including cell fate control during embryonic de-
velopment, differentiation, cell growth, and apoptosis (1).
Presenilin (PS) facilitates Notch signaling (2-7). PS-activated
v-secretase thus mediates the processing of Notchl into an
active form, Notch1 intracellular domain (Notch1-IC), and the
generation of Notch1-IC is inhibited in PS1-deficient cells (5).
Evidence has suggested that the biological function of Notch
is completely dependent on its cleavage to Notch-IC, which
then translocates to the nucleus and, together with the tran-
scription factor CBF1/RBP-Jk, activates the transcription of
target genes (1, 8). The existence of a transcription-
independent function of Notch in the cytoplasm has also been
suggested, however, although the cytoplasmic targets of Notch
remain unclear (9-12).

Mitogen-activated protein kinase (MAPK) pathways also play
important roles in a variety of cellular processes, including cell
proliferation, differentiation, and death (13-15). Mammalian
MAPKs are classified into three subfamilies: extracellular signal-
regulated kinase, c-Jun N-terminal kinase (JNK), or stress-
activated protein kinase (SAPK), and p38 MAPK (16-21). Each
MAPK pathway includes three distinct components: a MAPK,
a MAPK kinase (MAP2K), and a MAPK kinase kinase
(MAP3K). MAP3Ks phosphorylate and activate MAP2Ks,
which in turn phosphorylate and activate MAPKSs. Activated
MAPKSs phosphorylate various substrate proteins, including
transcription factors, and thereby regulate gene expression and
other cellular functions. The JNK/SAPK signaling pathway is
activated in response to exposure of cells to a variety of cellular
stresses or to proinflammatory cytokines, such as TNF-a (13,
14). This pathway consists of INK/SAPK, a MAP2K, such as
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SEKI1 (also known as MKK4 or JNKKI1) or MKK?7, and a
MAP3K, such as mixed lineage kinase (MLK)3 or MEKKI.
Although these components of the JNK pathway transmit their
signals through a series of binary interactions, some of them exist
in signaling complexes whose formation is mediated by scaffold
proteins, such as JNK-interacting protein 1 (JIP1) (22-26). JIP1
physically interacts with JNK, MKK?7, and members of the MLK
group of MAP3Ks (24), and it enhances the selectivity and
effectiveness of kinase activation during JNK signaling (27).

We have shown previously that PS1 inhibits the JNK pathway
in a manner dependent on its +y-secretase-activating function
(28), suggesting that a processing product of a cellular substrate
of y-secretase might suppress activation of this pathway. In this
regard, previous studies have proposed that Notch might nega-
tively regulate the JNK pathway (11, 12). We have now inves-
tigated the mechanism for the regulation of the JNK pathway by
Notchl. Our data show that Notch inhibits this pathway and that
this effect is mediated through physical interaction of Notch1-1C
with JIP1 and consequent prevention of JIP1-mediated activa-
tion of JNK.

Materials and Methods

DNA Constructs. Complementary DNAs encoding deletion mu-
tants of murine Notchl (mNotch1l) were generated by PCR and
include mNotch1 containing the extracellular cysteine-rich LIN-
12/Notch/GLP repeats (mNotch1-LNG) (amino acids 1444-
2480), mNotch1 lacking the extracellular domain (mNotch1-AE)
(amino acids 1701-2480), or mNotch1-IC (amino acids 1747-
2480). The amplification products were digested with Smal and
EcoRYV and then cloned into the EcoRYV site of the pEF-BOS-
myc vector. Vector constructs encoding the kinase components
of the JNK pathway are described in refs. 28-31.

Cell Culture and Apoptosis Assay. HEK293 cells, Jurkat T cells, and
mouse embryonic fibroblasts (MEFs) from PS1*/* or PS1~/~
mice (32) or from JIP1*/* or JIP1~/~ mice (33) were maintained
at 37°C in DMEM supplemented with 10% FBS. MEF?SI(+/+)
and MEFPSI(=/7) cells at the passage from four to six cells and
MEFP1(H+) and MEF'P1(~/7) cells at the passage from six to 10
cells were used, and each pair of the MEF cells were in the same
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passage at the experiments. Cultured cells were transfected by
the calcium phosphate method or with the use of a GenePorter
II system (Gene Therapy Systems, San Diego). For measurement
of apoptosis, cells were transfected for 48 h with the indicated
vector constructs plus pEGFP (BD Biosciences, Franklin Lakes,
NJ). The transfected cells were incubated for 4 h in serum-free
DMEM or serum/glucose-free DMEM and then for an addi-
tional 24 h in complete medium. The cells were then fixed with
4% formaldehyde, stained with 10 ug/ml DAPI, and examined
for apoptotic nuclear morphology with the use of a Zeiss
Axiovert fluorescence microscope. The proportion of apoptotic
nuclei among cells expressing GFP was determined. More than
200 cells were counted in each experiment, and results from
three independent experiments were analyzed. Alternatively,
cells were analyzed for apoptosis by TUNEL staining with in situ
cell death detection kit (Roche Applied Science, Indianapolis).

For induction of Notch1 signaling by Jagged1, a soluble form
of Myc-tagged Jaggedl was immobilized on culture dishes that
had been coated with a mouse monoclonal antibody to Myc as
described in ref. 34. The dishes were then used for studies of
Jaggedl-induced Notchl signaling.

Immune Complex Kinase Assay. Cultured cells were lysed in a lysis
buffer (35), and the cell lysates were subjected to immunopre-
cipitation with appropriate antibodies (30, 36). The resulting
precipitates were assayed for JNK activity with the use of
GST-c-Jun (1-79) as substrate (36). The phosphorylated sub-
strate was resolved by SDS/PAGE on a 10% gel and analyzed
with a Fuji BAS-2500 phosphorimager. The cell lysates were also
subjected directly to immunoblot analysis probed with the
indicated antibodies. Immunoreactive bands were visualized
with the use of enhanced chemiluminescence reagents (Amer-
sham Biosciences).

Coimmunoprecipitation and in Vitro Binding Analyses. Coimmuno-
precipitation analysis was performed as described in ref. 37. For
in vitro binding experiments, HEK293 cells that had been
transfected for 48 h with pcDNA3-FLAG or pcDNA3-JIP1-
FLAG were subjected to immunoprecipitation with antibodies
to FLAG. mNotchl-IC and its deletion variants were produced
by in vitro translation in the presence of [*>S]methionine with the
use of a Quick Coupled TnT kit (Promega). The 3°S-labeled
mNotch-IC variants were then incubated for 1 h at 4°C with
JIP1-FLAG or control immunoprecipitates in a binding solution
(37). The precipitates were recovered and then analyzed by
SDS/PAGE and autoradiography.

Luciferase Activity Assay. HEK293 cells were cotransfected for
24 h with pGL2-3X-CBF1-luciferase and pcDNA3-3-galactosi-
dase together with the indicated vector constructs. Cells were
then unexposed or exposed to UV (80 J/m?), incubated for 6 h
at 37°C, and lysed. Cells lysates were assayed for luciferase
activity with the use of a luciferase assay kit (Promega). Lucif-
erase activity in each sample was normalized relative to the
B-galactosidase activity in the same sample.

Results

Notch1 Inhibits Activation of the JNK Pathway. To investigate the
possible effect of Notchl on the JNK pathway, we transfected
HEK?293 cells with an expression vector encoding hemagglutinin
epitope (HA)-tagged JNK3/SAPKB alone or together with
vectors for various Myc epitope-tagged mNotchl variants. Ex-
posure of the cells to UV light induced activation of INK3 (Fig.
14). Coexpression of mNotchl-IC resulted in inhibition of
UV-induced JNK3 activation. A form of mNotchl lacking the
extracellular domain (mNotch1-AE) also inhibited this effect of
UYV irradiation. Immunoblot analysis showed that a proportion
of the expressed mNotchl-AE was processed to mNotchl-IC,
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Fig. 1. Notch1 inhibits activation of the JNK signaling pathway. (A) HEK293
cells were transfected for 50 h with an expression vector encoding HA-JNK3/
SAPKB alone or together with vectors for Myc-epitope-tagged mNotch1
variants (mNotch1-1C, mNotch1-AE, and mNotch1-LNG), as indicated. The cells
were then unexposed or exposed to UV irradiation (80 J/m?2), incubated for an
additional 30 min, and lysed. Cell lysates were subjected to immunoprecipi-
tation with antibodies to HA, and the resulting precipitates were examined
for JNK activity by an immune complex kinase assay. The numbers below each
lane indicate fold increase in JNK activity relative to the value for the corre-
sponding nonirradiated cells. The amounts of the recombinant proteins in cell
lysates were examined by immunoblot (IB) analysis with the indicated anti-
bodies. (B) MEFs from PS1~/~ mice were transfected for 50 h with an expression
vector encoding JNK1-FLAG alone or together with vectors for Myc-epitope-
tagged mNotch1-IC variants as indicated, exposed to UV, and analyzed asin A
with the exception thatimmunoprecipitation was performed with antibodies
to FLAG. (C) HEK293 cells were transfected for 50 h with a vector encoding
JNK3-FLAG alone or together with vectors for mNotch1-IC-Myc and Numb-
Myc as indicated, exposed to UV, and analyzed as in B.

presumably by an endogenous +y-secretase activity in the cells
(Fig. 1A4), as suggested in ref. 38. In contrast, a form of mNotch1
containing the extracellular cysteine-rich LIN-12/Notch/GLP
repeats (mNotch1-LNG), which is not converted to mNotch1-IC
by y-secretase (38), failed to inhibit UV-induced JNK3 activa-
tion (Fig. 14).

We next examined the effects of these mNotchl variants on
UV-induced JNK activation in MEFs from PS1 knockout mice,
in which the vy-secretase-mediated processing of endogenous
Notchl is impaired compared with that in MEFs from PS1*/*
mice (5). Ectopic expression of mNotch1-IC in PS1~/~ MEFs
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Fig.2. Jagged1inducestheinhibitory action of Notch1 on JNK activation. (A)
HEK293 cells were transfected for 24 h with a vector encoding JNK1-FLAG
alone or along with a vector for HA-tagged full-length mNotch-1. The cells
were then transferred to control culture dishes or to dishes containing immo-
bilized Jagged1. After culture for 24 h, the cells were unexposed or exposed
to UV light (80 J/m?), incubated for an additional 30 min at 37°C, and lysed.
Cell lysates were subjected to immunoprecipitation with antibodies to FLAG,
and the resulting immunoprecipitates were assayed for JNK1 activity with an
immune complex kinase assay. Cell lysates were also subjected to immunoblot
analysis with antibodies to HA and to FLAG. The processing of full-length
Notch1 into mNotch1-IC was monitored by immunoprecipitation (IP) and
immunoblot (IB) analysis of cell lysates with antibodies to Notch1. (B) HEK293
cells were transfected for 40 h with a vector for Jagged1 or an empty vector.
The transfected HEK293 cells were then incubated with Jurkat T cells. Jurkat
T cells in suspension were collected, transferred to new culture dishes, and
then untreated or treated with UV light (80 J/m?). The lysates of Jurkat cells
were subjected to immunoprecipitation with anti-JNK1 antibody, and the
resulting precipitates were assayed for JNK1 activity. Cell lysates were also
subjected directly to immunoblot analysis with antibodies to JNK1 and to
Notch1 (Santa Cruz Biotechnology).

resulted in inhibition of UV-induced activation of JNK1 (Fig.
1B). In contrast, neither mNotch1-AE nor mNotchl-LNG af-
fected JNK activation. Taken together, these results suggested
that mNotch1-IC, an active form of mNotch1, inhibits activation
of the JNK pathway.

We then investigated the effect of Numb, a negative regulator
of Notchl, on Notchl-mediated JNK inhibition. Numb antago-
nizes Notch1 signaling through direct interaction with Notch1-1C
(39). The inhibitory effect of mNotchl-IC on UV-induced
activation of JNK3 (Fig. 1C) or JNK1 (data not shown) was
prevented by coexpression of Numb.

Jagged1-Induced Processing of Notch1 to Notch1-IC Results in Inhibi-
tion of JNK Activation. The y-secretase-mediated Notch process-
ing depends on the binding of Notch ligands, such as Jagged
(40-42). We therefore examined the effect of Jaggedl-induced
processing of Notchl on JNK activation. HEK293 cells were
transfected with a vector for JNK1-FLAG alone or together with
a vector for mNotchl, and the cells were then unexposed or
exposed to Jaggedl. Jaggedl induced processing of mNotchl1 to
mNotch1-IC as well as inhibition of UV-stimulated JNKI1 activ-

14310 | www.pnas.org/cgi/doi/10.1073/pnas.0501600102
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Fig. 3. Inhibition of JNK activation by Notch1-IC is independent of CBF1-
mediated signaling. (A) HEK293 cells were transfected for 24 h with pGL2-
3X-CBF1-luciferase and pcDNA3-B-galactosidase together with vectors for
HA-mNotch1-IC or HA-mNotch1-ICARAM, as indicated. The cells were then
unexposed or exposed to UV light (80 J/m?2), incubated for an additional 6 h,
and lysed. Cell lysates were assayed for luciferase activity, which was normal-
ized by the corresponding B-galactosidase activity. Data are means * average
deviation of triplicates from a representative experiment. (B) HEK293 cells
were transfected for 48 h with expression vectors for INK1-Flag, HA-mNotch1-
IC, and HA-mNotch1-ICARAM, as indicated. The cells were then unexposed or
exposed to UV light (80 J/m?), incubated for an additional 30 min at 37°C, and
lysed. Cell lysates were subjected to immunoprecipitation with anti-FLAG
antibody, and the resulting precipitates were assayed for JNK1 activity with an
immune complex kinase assay. Cell lysates were also subjected to immunoblot
analysis with antibodies to FLAG and to HA.
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ity in the mNotchl-transfected cells (Fig. 24). In comparison,
Jagged1 did not affect UV-stimulated JNKI activity in cells that
had not been transfected with the mNotchl vector. We next
examined whether the Jaggedl-induced activation of endoge-
nous Notchl by cell-cell interaction prevents JNK activation
(Fig. 2B). Jurkat T cells were incubated for 12 h with HEK293
cells that had been transfected with a vector for Jagged1 or with
an empty control vector. The interaction between Jurkat T cells
and Jagged1-expressing HEK293 cells induced the processing of
endogenous Notchl to Notchl-IC as well as inhibition of the
UV-stimulated activity of endogenous JNKI in Jurkat T cells.

CBF1-Dependent Transcription Is Not Required for Inhibition of JNK
Signaling by Notch1. Notch1-IC associates with CBF1 and trans-
locates to the nucleus to activate transcription of target genes (1,
40, 43). We therefore examined whether transcriptional activa-
tion by Notchl-IC is required for the inhibitory action of
Notchl-IC on the JNK pathway. The CBF1-dependent expres-
sion of a luciferase reporter gene was enhanced by mNotch1-IC
but not by a mNotchl-IC mutant (mNotchl-ICARAM) that
lacks the CBF1-interacting RAM domain (Fig. 34). In contrast,
mNotch1-IC and mNotch1-ICARAM inhibited the UV-induced
activation of JNK1 (Fig. 3B). These results suggested that
mNotch1-IC inhibits JNK activation by a pathway independent
of CBF1-mediated signaling.

Notch1-IC Interferes with the Scaffold Function of JIP1 in the JNK
Pathway. To characterize further the mechanism underlying the
inhibitory action of mNotchl-IC on activation of the JNK
pathway, we examined whether mNotch1-IC affects the function
of JIP1. JIP1 physically associates with MLK3, MKK?7, and JNK
and, thus, functions as a scaffold protein that facilitates JNK
activation by MLK3-MKK7-JNK signaling (22, 26, 44). Coex-
pression of JIP1 increased the kinase activity of ectopic JNK1 in
HEK?293 cells that had been cotransfected with vectors for
MLK3, MKK?7, and JNK1 (Fig. 44). This scaffold function of
JIP1 was inhibited by mNotch1-IC. We then examined whether
mNotch1-IC could alter the binding of JIP1 to MLK3, MKK?7,
or JNKI1. Coimmunoprecipitation analysis revealed that
mNotch1-IC did not affect the interaction between JIP1 and

Kim et al.
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Fig.4. Inhibition of the scaffold activity of JIP1 by Notch1-IC. (A) HEK293 cells
were transfected for 48 h with the indicated combinations of expression
vectors for HA-MLK3, HA-MKK7, JNK1-FLAG, HA-JIP1, and mNotch1-IC-Myc.
Cell lysates were then subjected to immunoprecipitation with anti-FLAG
antibody, and the resulting precipitates were assayed for JNK1 activity with an
immune complex kinase assay. Cell lysates were also subjected to immunoblot
analysis with the indicated antibodies. (B) HEK239 cells were transfected for
48 h with the indicated combinations of expression vectors for HA-MLK3,
HA-MKK7, HA-JNK1, JIP1-FLAG, and mNotch1-IC-Myc. Cell lysates were then
subjected to immunoprecipitation (IP) with anti-HA antibody, and the result-
ing precipitates were subjected to immunoblot (IB) analysis with anti-FLAG
antibody. Cell lysates were also subjected directly toimmunoblot analysis with
antibodies to HA, FLAG, and Myc. (C) HEK293 cells were transfected for 50 h
with a vector encoding JBD-FLAG or JBD(R160G/P161G) together with vectors
for HA-JNK1 and mNotch1-IC-Myc, as indicated. Cell lysates were subjected to
immunoprecipitation with anti-FLAG antibody, and the resulting precipitates
were subjected to immunoblot analysis with antibodies to HA or to Myc. Cell
lysates were also subjected directly to immunoblot analysis with antibodies to
Myc, HA, or FLAG. IgGy, heavy chain of 19G.
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MKK?7 and only slightly inhibited that between JIP1 and MLK3
(Fig. 4B). In contrast, mNotchl-IC markedly inhibited the
association between JIP1 and JNK1. JIP1 binds to JNK through
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Fig. 5. Notch1 physically interacts with JIP1 in intact cells. (A) HEK293 cells
were transfected for 48 h with the indicated combinations of vectors for
JIP1-FLAG, HA-mNotch1, and mNotch1-IC-Myc. Cell lysates were then sub-
jected to immunoprecipitation (IP) with antibodies to HA or Myc, as indicated.
The resulting immunoprecipitates were subjected to immunoblot (IB) analysis
with antibodies to FLAG. Cell lysates were also subjected directly to immuno-
blot analysis with antibodies to FLAG, HA, or Myc. (B) MEFs were incubated for
4hat37°Cin DMEM (serum-free) or glucose-free DMEM (serum-free) and then
for an additional 12 h in complete medium. Cell lysates were subjected to
immunoprecipitation with antibodies to Notch1 (Upstate Biotechnology,
Lake Placid, NY) or with rabbit preimmune IgG. The resulting precipitates
were examined by immunoblot analysis with goat anti-JIP1 antibody (Santa
Cruz Biotechnology). Cell lysates were also subjected directly to immunoblot
analysis with antibodies to Notch1 or to JIP1.

Lysates

Lysates

its JNK-binding domain (JBD) (22). We therefore examined the
effect of mNotch1-IC on the interaction between JNKI1 and the
JBD of JIP1 in transfected HEK293 cells. Coimmunoprecipita-
tion analysis showed that the JBD of JIP1 physically associated
with JNKI1 in the transfected cells and that this interaction was
inhibited by mNotch1-IC (Fig. 4C). Furthermore, mNotch1-IC
coprecipitated with the JBD of JIP1. Introduction of point
mutations in JBD of JIP1 at Arg-160 and Pro-161 has been
shown to disrupt the interaction between JIP1 and JNK (45).
Indeed, JNK1 coimmunoprecipitated with JBD but not with
JBD(R160G/P161G) (Fig. 4C). Interestingly, this JBD mutant
still coimmunoprecitated with mNotch1-IC, and this interaction
was not affected by coexpression of JNKI.

Notch1-IC Physically Interacts with JIP1 in Vitro and in Intact Cells.
Next, we further investigated the physical interaction between
mNotchl-IC and JIP1. In vitro binding analysis with in vitro-
translated S*°-labeled mNotch1-IC variants revealed that
mNotchl-IC indeed interacted with JIP1 and that a central
region (amino acids 1898-2197) of mNotch1-IC was important
for this binding to JIP1 (data not shown). Physical interaction
between mNotchl and JIP1 in intact cells was also examined by
coimmunoprecipitation analysis of HEK293 cells transfected
with various combinations of expression vectors for JIP1-FLAG,
HA-mNotchl, and mNotch1-IC-Myc. Immunoblot analysis of
immunoprecipitates prepared with antibodies to HA or to Myc
revealed that JIP1 physically associated with mNotch1 and also
with mNotchl-IC (Fig. 54). We did not detect interaction
between mNotchl-IC and MLK3, MKK?7, or JNK1 in similar
experiments (data not shown). Physical interaction between
endogenous JIP1 and Notchl was also apparent in MEFs, and
the extent of this interaction was not affected by exposure of the
cells to cellular stresses, including glucose deprivation (Fig. 5B)
and UV (data not shown).

Notch1-IC Inhibits Glucose Deprivation-Induced JNK Activation and
Apoptosis. Deprivation of glucose and oxygen has been shown
to induce activation of the JNK pathway and consequent
apoptosis, and these effects are mediated by JIP1 in hippocam-
pal neurons (26). Glucose deprivation thus induced JNKI1
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Fig. 6. Notch1-IC inhibits glucose deprivation-induced JNK activation and
apoptosis in MEFs. (A) JIP1+/* or JIP1~/~ MEFs were incubated first for 4 h in
DMEM (serum-free) or glucose-free DMEM (serum-free) and then for an
additional 12 h in complete medium. Cell lysates were subjected to immuno-
precipitation with anti-JNK1 antibody, and the resulting precipitates were
assayed for JNK1 activity with an immune complex kinase assay. Cell lysates
were also subjected directly to immunoblot analysis with antibodies to JIP1 or
to JNK1. (B) JIP1~/~ MEFs were transfected for 48 h with plasmid vectors for
HA-JIP1 and JNK1-FLAG in the absence or presence of a vector for mNotch1-
IC-Myc. The transfected cells were incubated first for 4h in DMEM (serum-free)
or glucose-free DMEM (serum-free) and then for an additional 12 h in com-
plete medium. Cell lysates were then subjected to immunoprecipitation with
anti-FLAG antibody, and the resulting precipitates were assayed for JNK
activity. Cell lysates were also examined by immunoblot analysis with anti-
bodies to Myc, HA, or FLAG. (C) JIP1*/* MEFs were transfected for 48 h with a
vector for INK1-FLAG alone or together with a vector for mNotch 1-IC-Myc. For
the glucose deprivation experiment, the transfected cells were treated as
described for B. For the TNF-a experiment, the transfected cells were un-
treated or treated with 20 ng/ml TNF-a for 15 min. Cell lysates were then
subjected to immunoprecipitation with anti-FLAG antibody, and the immu-
noprecipitates were assayed for JNK activity. Cell lysates were also subjected
directly to immunoblot analysis with antibodies to Myc or to FLAG. (D) JIP1+/*
or JIP1~/~ MEFs were transfected for 48 h with pEGFP alone or together with
an expression vector for mNotch1-IC or for mNotch1-LNG. The transfected
cells were incubated first for 4 h in DMEM (serum-free) or glucose-free DMEM
(serum-free) and then for an additional 24 h in complete medium. The cells
were then stained with DAPI, and GFP-positive cells were scored for apoptotic
nuclei with a fluorescence microscope. Data are means + average deviation of
values from three independent experiments. GD, glucose deprivation.

activation in JIP1*/* MEFs but not in JIP1~/~ MEFs (Fig. 64),
and ectopic expression of JIP1 in the JIP1~/~ MEFs resulted
in glucose deprivation-induced JNKI1 activation (Fig. 6B).
Ectopic mNotch1-IC inhibited the activation of JNK1 induced
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by glucose deprivation in JIP1-transfected JIP1~/~ MEFs (Fig.
6B) as well as in JIP1™/* MEFs (Fig. 6C). In contrast,
mNotchl-IC did not affect the activation of JNK1 induced by
TNF-a (Fig. 6C) or sorbitol (data not shown), both of which
induce JNK activation in a JIP1-independent manner (data not
shown). Furthermore, mNotchl-IC, but not mNotchl-LNG,
inhibited glucose deprivation-induced apoptosis in JIP1*+/*
MEFs as shown by DAPI staining (Fig. 6C) as well as TUNEL
staining (data not shown). Glucose deprivation did not induce
apoptosis in JIP17/~ MEFs. Taken together, these results
suggest that Notchl-IC inhibits the activation of JNK and
apoptosis mediated by JIP1.

Discussion

We have previously shown that PS1 negatively regulates the JNK
signaling pathway and JNK-mediated apoptosis (28). The PS1-
mediated inhibition of JNK signaling appears to require the acti-
vation of y-secretase, given that functionally inactive mutants of PS1
did not inhibit JNK activation (28). y-Secretase mediates the
processing of its target proteins, including B-amyloid precursor
protein (APP) and Notch (5, 46—48). Cleavage of APP by y-secre-
tase generates B-amyloid peptide and cytoplasmic APP-C99 (49).
The observation that neither of these products inhibited the JNK
pathway (data not shown) suggests that PS1-mediated inhibition of
this pathway is not attributable to y-secretase-mediated cleavage of
APP. In contrast, we now show that Notch1-IC, an active form of
Notchl generated by the action of +y-secretase, functions as a
negative regulator of JNK signaling. It was previously proposed that
Notch might modulate the JNK signaling pathway (11, 12). Notch
and its cytoplasmic regulator Deltex were thus found to inhibit the
activation of transcription by c-Jun (11), which is one of the
substrates of JNK. Furthermore, JNK activity was found to be
higher in Notch mutant Drosophila embryo than in wild-type
embryo (12). These findings are consistent with our present data
showing that Notch1-IC inhibits the activation of JNK.

Notch-IC exerts many of its biological actions by activating the
transcription factor Su(H) (Suppressor of Hairless) in Drosophila
or CBF1/RBP-Jk in mammals (8, 50). Notch-IC interacts with
CBF1 and translocates to the nucleus, resulting in the elevated
expression of target genes (8, 10, 50). Our data now indicate that
activation of the transcription factor CBF1 is not required for
inhibition of the JNK pathway by Notch1-IC. Moreover, Numb,
a cytoplasmic negative regulator of Notchl (1, 39), blocked the
inhibitory action of Notchl-IC on JNK activation. Instead, we
found that Notchl1-IC physically interacts with JIP1, which, by
associating with MLK3, MKK7, and JNK, functions as a scaffold
protein that facilitates JNK activation (26). Our data show that
Notchl-IC, by binding to JIP1, interferes with the physical
interaction between JIP1 and JNK, thereby antagonizing the
JIP1-mediated activation of JNK signaling. Aktl has been dem-
onstrated to physically associate with JIP1 and inhibit JIP1-
mediated JNK activation in primary neurons, thereby preventing
excitototic neuronal death (51). Given that Notch1-IC and Akt1
bind to the distinct regions of JIP1 (Fig. 4C) (51) and that both
of the proteins have antiapoptotic function, it would be worth-
while to examine the possibility of the functional cooperation
between Notchl and Aktl for regulating JIP1-mediated JNK
activation and apoptosis. It would be also of considerable interest
to determine whether Notchl, like Aktl, has a protective role in
excitotoxic neuronal injury. Inhibition by Notch of JIP1-
facilitated signaling by the MLK3-MKK7-JNK pathway may
thus contribute to the mechanism by which Notch plays a pivotal
role in a variety of the cellular events, such as embryonic
development, cell growth, cell differentiation, and apoptosis.
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