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Mitogen-activated protein kinases (MAPK) are activated by phosphorylation on Thr and Tyr by MAPK kinases.
Two MAPK kinases (MKK4 and MKK7) can activate the c-Jun NH2-terminal kinase (JNK) group of MAPK in
vitro. JNK is phosphorylated preferentially on Tyr by MKK4 and on Thr by MKK7. Targeted gene-disruption
studies in mice were performed to examine the role of MKK4 and MKK7 in vivo. Simultaneous disruption of
the Mkk4 and Mkk7 genes was required to block JNK activation caused by exposure of cells to environmental
stress. In contrast, disruption of the Mkk7 gene alone was sufficient to prevent JNK activation caused by
proinflammatory cytokines. These data demonstrate that MKK4 and MKK7 serve different functions in the
JNK signal transduction pathway.
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The mitogen-activated protein kinases (MAPKs) repre-
sent an evolutionarily conserved signaling mechanism
that is used by cells to respond to changes in their envi-
ronment (Schaeffer and Weber 1999). The activation of
MAPK is mediated by dual phosphorylation on a Thr–
Xaa–Tyr motif located in the kinase activation loop.
This phosphorylation is increased in stimulated cells by
members of a group of MAPK kinases. These enzymes
have dual substrate specificity and can phosphorylate
both Thr and Tyr. Studies of a large number of MAPKs
demonstrate that this mechanism of activation is con-
served in many organisms, including plants, yeast,
nematodes, insects, and mammals.
Two different MAPK kinases (MKK4 and MKK7) are

implicated in the activation of the c-Jun NH2-terminal
kinase (JNK) group of MAPK (Davis 2000). The presence
of two MAPK kinases in a single MAPK signaling mod-
ule is striking because genetic analysis indicates only a
single MAPK kinase in each of the MAPK signaling mod-
ules of yeast (Schaeffer and Weber 1999). However, the
organization of the JNK signaling pathway is similar to

that of other mammalian MAPK modules. Thus, the
ERK group of MAPK is activated by MKK1/MKK2 and
the p38 group of MAPK is activated by MKK3/MKK6
(Schaeffer and Weber 1999). The presence of two MAPK
kinases is therefore a common feature of the organiza-
tion of mammalian MAPK signaling modules. The func-
tional significance of the dual MAPK kinases found in
mammalian MAPK signaling pathways is unclear.
Studies of mice demonstrate that both theMkk4 (Yang

et al. 1997; Ganiatsas et al. 1998; Nishina et al. 1999) and
Mkk7 genes (Dong et al. 2000) are required for embryonic
viability. This observation indicates that the MKK4 and
MKK7 protein kinases serve nonredundant functions in
vivo. Genetic analysis of the Mkk4 (Han et al. 1998) and
Mkk7 (Glise et al. 1995) genes in Drosophila supports
this conclusion. However, the molecular basis for the
difference in signaling by MKK4 and MKK7 is unclear.
Differences in the expression pattern of MKK4 and
MKK7 in tissues may be a contributing factor. Alterna-
tively, the distinct biochemical properties of MKK4 and
MKK7 may be critical for the nonredundant functions of
these protein kinases in vivo.
Comparison of the biochemical properties of MKK4

and MKK7 indicates that these protein kinases have dif-
ferent substrate specificities. Thus, in vitro assays dem-
onstrate that MKK4 can activate both JNK and p38
MAPK (Derijard et al. 1995; Lin et al. 1995). In contrast,
MKK7 selectively activates only JNK (Holland et al.
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1997; Moriguchi et al. 1997; Tournier et al. 1997). Al-
though both MKK4 and MKK7 are dual-specificity pro-
tein kinases that can phosphorylate JNK on Tyr and Thr,
in vitro experiments indicate that these sites are phos-
phorylated selectively by MKK4 and MKK7, respectively
(Lawler et al. 1998). Because dual phosphorylation on
these sites is thought to be required for JNK activation
(Derijard et al. 1994), these in vitro experiments suggest
that MKK4 and MKK7 may cooperate to activate JNK.
However, it is unclear whether these data obtained from
in vitro experiments reflect the physiological function of
MKK4 and MKK7 in vivo.
The purpose of the study described in this report was

to examine the role of MKK4 and MKK7 in vivo. Our
experimental approach was to examine the JNK signal-
ing pathway in primary murine embryo fibroblasts (MEF)
isolated from wild-type, Mkk4−/−, Mkk7−/−, and dual-de-
ficient Mkk4−/−Mkk7−/− mice.

Results

Substrate specificity of the JNK activators MKK4
and MKK7

We examined the specificity of MKK4 and MKK7 using
in vitro protein kinase assays. MKK4 phosphorylated
both p38� and JNK1, whereas MKK7 phosphorylated
only JNK1. Phosphoamino acid analysis demonstrated
that MKK4 phosphorylated p38� MAPK equally on Thr
and Tyr (Fig. 1A). In contrast, equal phosphorylation of
JNK1 on Thr and Tyr was not observed. MKK4 phos-
phorylated JNK preferentially on Tyr, whereas MKK7
phosphorylated JNK1 preferentially on Thr (Fig. 1A).
However, equal phosphorylation of JNK1 on Thr and Tyr
was observed in assays using MKK4 plus MKK7 (Fig. 1A).
Mutational analysis demonstrated that these sites of
JNK1 phosphorylation correspond to Thr180 and Tyr182.

Cytokines selectively stimulate the JNK
activator MKK7

Studies of recombinant MKK4 and MKK7 suggest that
these protein kinases may be differentially regulated
(Moriguchi et al. 1997; Tournier et al. 1997, 1999). We
sought to confirm this differential regulation by exam-
ining the activity of endogenous MKK4 and MKK7.
These assays demonstrated that although ultraviolet
(UV) radiation and the cytotoxic drug anisomycin acti-
vated endogenous MKK4 and MKK7, the inflammatory
cytokines, tumor necrosis factor (TNF), and interleu-
kin-1 (IL-1) activated only MKK7 (Fig. 1B). This differen-
tial regulation of MKK4 and MKK7 in vivo suggests that
these protein kinases may cooperate to activate JNK
only in response to certain stimuli. Because MKK4 and
MKK7 preferentially phosphorylate one site on the JNK
dual phosphorylation motif (Thr–Pro–Tyr), it is unclear
how JNK is activated in the absence of cooperation be-
tween MKK4 and MKK7. One possibility is that the in
vitro specificity of MKK4 and MKK7 may not reflect in

vivo specificity (e.g., interactions with scaffold proteins).
A second possibility is that, unlike other MAPK, dual
phosphorylation is not essential for JNK activation. To
test this hypothesis, we examined the effect of muta-
tions of the Thr and Tyr phosphorylation sites on JNK
activation caused by MKK4 and MKK7 (Fig. 2). MKK4
was only able to activate wild-type JNK. In contrast,
MKK7 was able to activate both wild-type JNK and a
mutated JNK protein (Tyr182 replaced with Phe). These

Figure 1. Biochemical characterization of MKK4 and MKK7.
(A) JNK is preferentially phosphorylated on Tyr by MKK4 and
on Thr by MKK7. Epitope-tagged MKK4 and MKK7 were iso-
lated from COS cells exposed to UV-C radiation. In vitro protein
kinase assays were performed using [�-32P]ATP and purified bac-
terially expressed p38� or JNK1 as substrates for MKK4 and
MKK7. The phosphorylated JNK and p38� were examined by
phosphoamino acid analysis and autoradiography (upper panel).
The relative phosphorylation on Thr and Tyr was examined by
PhosphorImager analysis (lower panel). P-Ser, phosphothreo-
nine; P-Thr, phosphothreonine; P-Tyr, phosphotyrosine. (B)
MKK4 and MKK7 are selectively activated by extracellular
stimuli. Wild-type MEF were untreated (Cont.) or treated with
UV-C (60 J/m2; UV) or anisomycin (1 µg/mL; ANISO) for 1 h, or
with TNF� (10 ng/mL) or IL1� (15 ng/mL) for 15 min. Endog-
enous MKK4 and MKK7 were immunoprecipitated using an
anti-rabbit polyclonal antibody to MKK4 (K18, Santa Cruz) and
a goat polyclonal antibody to MKK7 (T19, Santa Cruz), respec-
tively. MKK activity was measured in the immune complex by
a coupled protein kinase assay with JNK1 and c-Jun as the sub-
strates. Phosphorylated c-Jun was detected after SDS-PAGE by
autoradiography (upper panel) and was quantitated by Phospho-
rImager analysis (lower panel).
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data demonstrated that Tyr phosphorylation was not re-
quired for JNK activation byMKK7. However, dual phos-
phorylation of JNK on Thr and Tyr caused greater acti-
vation than phosphorylation on Thr alone.

Isolation of MKK4- and MKK7-deficient murine
embryo fibroblasts

To test the role of the MKK4 and MKK7 protein kinases
in vivo, we examined the effect of the disruption of the
Mkk4 and Mkk7 genes in primary murine embryo fibro-
blasts (MEF). Primary cells were prepared from wild-type
(WT) embryos and mutant embryos in which the Mkk4
and Mkk7 genes were disrupted. Immunoblot analysis
demonstrated that wild-type MEF expressed both MKK4
and MKK7 (Fig. 3A). In contrast, the MKK4 and MKK7
protein kinases were not detected inMkk4−/− andMkk7−/−

MEF, respectively. Compound mutant Mkk4−/−Mkk7−/−

MEF did not express MKK4 or MKK7. Control experi-
ments demonstrated that the disruption of theMkk4 and
Mkk7 genes did not alter the expression of JNK or the
related ERK and p38 MAPK. Proliferation assays demon-
strated that the saturation density of the wild-type and
mutant cells was similar, but the proliferation of the
Mkk4−/− MEF was slightly lower than wild-type cells
(Fig. 3B).
MEF with targeted disruptions of all the functional Jnk

genes exhibit profound defects in the response to stress,
including UV radiation (Tournier et al. 2000). We there-

fore examined the response of the compound mutant
Mkk4−/−Mkk7−/− MEF to UV radiation. Exposure to UV
caused a similar increase in p53 expression in wild-type,
Mkk4−/−, Mkk7−/−, and Mkk4−/−Mkk7−/− MEF (Fig. 4A).
Immunofluorescence analysis demonstrated that the UV-
induced p53 protein was localized to the nucleus (Fig.
4B). Previous studies of Jnk1−/−Jnk2−/− MEF indicated
that these cells have a low proliferative capacity that was
associated with elevated expression of p53 and the Mdm2
inhibitor p19ARF (Tournier et al. 2000). In contrast, the
proliferative capacity of Mkk4−/−Mkk7−/− MEF was not
reduced (Fig. 3B), and p53 expression was similar to wild-
type cells (Fig. 4A,B). However, like the JNK-deficient
cells (Tournier et al. 2000), theMkk4−/−Mkk7−/−MEF did

Figure 2. Phosphorylation on Thr alone causes partial JNK ac-
tivation, but maximal JNK activation requires dual phosphory-
lation on Thr and Tyr. Cotransfection assays were performed
using COS cells expressing MKK4 or MKK7 together with epi-
tope-tagged JNK1. The effect of replacement of the dual phos-
phorylation site motif Thr–Pro–Tyr (TPY) with Ala–Pro–Phe
(APF), Thr–Pro–Phe (TPF), or Ala–Pro–Tyr (APY) was examined.
The activity of JNK1 was examined in immune complex kinase
assays with the substrate c-Jun. The JNK1 proteins were de-
tected by immunoblot analysis (IB;middle panel). JNK1 protein
kinase activity was examined using the substrate c-Jun. Phos-
phorylated c-Jun was detected by autoradiography (KA; upper
panel) and was quantitated by PhosphorImager analysis (lower
panel).

Figure 3. Isolation of MKK4- and MKK7-deficient mouse em-
bryo fibroblasts. (A) Extracts were prepared from wild-type
(WT), Mkk4−/−, Mkk7−/−, and Mkk4−/− Mkk7−/− MEF. The ex-
pression of MKK4, MKK7, JNK, p38 MAPK, and ERK was ex-
amined by protein immunoblot analysis. (B) The saturation
growth density of MEF in different concentrations of serum was
examined by crystal violet staining (mean OD590 ± SD; n = 3)
following the addition of 1 × 104 cells to 20 mm tissue culture
dishes and culture in medium supplemented with different con-
centrations of fetal calf serum. Relative cell numbers were mea-
sured at day 0 (D = 0) and after culture for 9 d (D = 9).
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express increased amounts of p19ARF (Fig. 4A). This in-
creased expression of p19ARF was not detected in
Mkk4−/− or Mkk7−/− MEF (Fig. 4A). JNK-deficient MEF
are selectively defective in the apoptotic response to
stress (Tournier et al. 2000). Similar defects in apoptosis
were detected in Mkk4−/−Mkk7−/− MEF (Fig. 4C). Thus,
both JNK-deficient and JNK activator-deficient MEF
were resistant to apoptosis caused by UV radiation and
the alkylating agent methyl methane sulfonate, but not
to activation of the Fas death receptor. It has been sug-
gested that the effect of JNK on apoptosis may be medi-
ated by phosphorylation of Bcl2 or related molecules
(Haldar et al. 1995; Maundrell et al. 1997; Srivastava et
al. 1999; Yamamoto et al. 1999; Kharbanda et al. 2000).
However, we found no evidence that UV-activated JNK
caused Bcl2 phosphorylation (Fig. 4D). In contrast, taxol
caused Bcl2 phosphorylation in the absence of JNK acti-
vation (Fig. 4D). These data indicate that JNKmay not be
the physiologically relevant Bcl2 kinase. However, BH3-
only members of the Bcl2 group may be targets of the
JNK signaling pathway that are relevant to the apoptotic
defects of Jnk1−/−Jnk2−/− and Mkk4−/−Mkk7−/− MEF
(Tournier et al. 2000).

MKK7 is required for cytokine-stimulated JNK activity

We examined JNK activity in MEF with disruptions of
the Mkk4 and Mkk7 genes. The compound mutant
Mkk4−/−Mkk7−/−MEF were severely defective in JNK ac-
tivation caused by UV radiation, anisomycin, TNF, and
IL-1 (Fig. 5A). In contrast, no marked changes in p38�

MAPK activation were detected (Fig. 5B). These data in-
dicated that MKK4 and MKK7 represent the major acti-
vators of JNK in MEF. The small residual amount of JNK
activity detected inMkk4−/− Mkk7−/−MEF (Fig. 5A) may
indicate the presence of an additional uncharacterized
JNK activator. Alternatively, the very low level of JNK
activity detected may be caused by the regulated activity
of a JNK phosphatase (Cavigelli et al. 1996).
Comparison of Mkk4−/− and Mkk7−/− MEF demon-

strated similar defects in JNK activation caused by UV
radiation and anisomycin. Approximately 50% of the
JNK activation was lost in each of these mutant cells.
Control studies using heterozygous MEF demonstrated
no defects in JNK regulation, indicating that the null
alleles of Mkk4 and Mkk7 were complemented by the
wild-type genes (data not shown). These data suggest

Figure 4. MKK4 and MKK7 are selec-
tively required for stress-induced apopto-
sis. (A) Wild-type (WT),Mkk4−/−,Mkk7−/−,
andMkk4−/− Mkk7−/−MEF were untreated
(0) or exposed to UV-C radiation (60 J/m2)
and incubated in culture medium for 12 or
16 h. The expression of p53, ARF, and JNK
was examined by protein immunoblot
analysis. (B) The subcellular distribution
of p53 (green) was examined by immuno-
fluorescence analysis. MEF were untreated
(Cont.) or treated with UV-C radiation (60
J/m2; UV) and incubated in medium with
serum for 16 h. DNA was visualized by
staining with 4,6-diamidino-2-phenylin-
dole (blue). (C) MEF were treated without
and with UV-C (60 J/m2, 15 h; UV), methy-
methanesulfonate (0.5 µM, 12 h; MMS), or
anti-Fas (1 µg/mL Jo2 antibody plus 0.3 µg/
mL cycloheximide, 15 h; FAS). The
amount of apoptosis was measured by
analysis of DNA fragmentation (mean
OD ± SD; n = 3) using the cell death detec-
tion Elisa method (Roche). (D) Extracts
were prepared from cells treated without
and with UV-C (60 J/m2; UV) or taxol (5
µM) for the indicated time. Bcl2 was de-
tected by immunoblot analysis (IB, upper
panel) and JNK activity was measured by
an in vitro kinase assay. Phosphorylated
c-Jun was detected by autoradioography
(KA,middle panel) and was quantitated by
PhosphorImager analysis (lower panel).
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that both MKK4 and MKK7 contribute to the activation
of JNK caused by UV radiation and anisomycin. This is
consistent with the results of in vitro biochemical analy-
sis of MKK4 and MKK7 specificity (Fig. 1A) and with the
observation that these stress stimuli activate both
MKK4 and MKK7 (Fig. 1B). In contrast, a different pat-
tern of JNK activation was detected when these MEF
were treated with the inflammatory cytokines TNF and
IL-1, which activated MKK7 but not MKK4 (Fig. 1B).
TNF and IL-1 did not activate JNK inMkk7−/−MEF (Fig.
5A), indicating that MKK7 is essential for JNK activation
by these stimuli. However, JNK activation by TNF and
IL-1 was reduced by approximately 50% inMkk4−/−MEF
(Fig. 5A). Optimal JNK activation therefore appears to
require MKK4. Because TNF and IL-1 do not activate
MKK4 (Fig. 1B), these data suggest that the basal activity
of MKK4 is sufficient in the presence of activated MKK7
to maximally stimulate JNK activity. No marked differ-
ences in the activation of p38� MAPK were detected
under these conditions (Fig. 5B).

Discussion

TNF and IL-1 are cytokines that contribute to the devel-
opment of inflammatory responses. The effects of these
cytokines involve several signal transduction mecha-
nisms, including the NF-�B and AP-1 pathways. The NF-
�B signal transduction pathway is mediated by the pro-
teasomal degradation of I�B, which is initiated by the
activation of an I�B kinase (Karin and Ben-Neriah 2000).
The AP-1 signal transduction pathway is activated, in
part, by MAPK. Indeed, the stress-activated group of
MAPKs (JNK and p38) are robustly activated by TNF and
IL-1 (Davis 2000). These MAPKs can induce the expres-
sion of AP-1 proteins and also increase the transcription
activity of AP-1 complexes (e.g., c-Jun and ATF2) by
phosphorylation (Whitmarsh and Davis 1996; Schaeffer
and Weber 1999; Davis 2000).
The activation of JNK by TNF appears to be mediated

by the TRAF group of adapter proteins (Liu et al. 1996;
Lee et al. 1997; Natoli et al. 1997). Activation of TNF
receptors leads to recruitment of the TRAF2 adapter pro-
tein (Rothe et al. 1994). Gene-disruption studies demon-
strate that TRAF2 is required for JNK activation by TNF
(Yeh et al. 1997). The mechansim by which TRAF2
causes JNK activation is unclear. However, TRAF2 has
been reported to interact with components of the JNK
signaling pathway, including the MAPK kinase kinases
MEKK1 (Baud et al. 1999) and ASK1 (Nishitoh et al.
1998; Hoeflich et al. 1999). The significance of the
TRAF2 interaction with MEKK1 is unclear, but TRAF2
may activate MEKK1. TRAF2 may also regulate the
MAPK kinase kinase ASK1 by causing the dissociation
of ASK1 from the inhibitor thioredoxin (Saitoh et al.
1998; Liu et al. 2000) and by changing ASK1 dimeriza-
tion via reactive oxygen species (Gotoh and Cooper
1998). Whether MEKK1 and ASK1 serve nonredundant
functions in the TRAF2 pathway and whether there are
roles for additional MAPK kinase kinases in this signal-
ing pathway is unclear.

Figure 5. MKK4 and MKK7 cooperate to activate JNK in vivo.
Wild-type (WT), Mkk4−/−, Mkk7−/−, and Mkk4−/− Mkk7−/− MEF
were untreated or treated with UV-C (60 J/m2; UV), anisomycin
(1 µg/mL; ANISO), TNF� (10 ng/mL; TNF), or IL1� (15 ng/mL;
IL1) and then incubated for the indicated times. JNK (A) and p38
MAP kinase (B) activity was measured by in vitro protein kinase
assay with the substrates c-Jun and ATF2, respectively. Phos-
phorylated c-Jun and ATF2 were detected after SDS-PAGE by
autoradiography (upper), quantitated by PhosphorImager analy-
sis (Molecular Dynamics), and presented in arbitrary units
(lower).
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A role for TRAF proteins in the activation of JNK by
IL-1 receptors has also been reported. The IL-1 receptor
recruits TRAF6 (Cao et al. 1996), which is required for
JNK activation (Lomaga et al. 1999). Like TRAF2,
TRAF6 has been reported to bind MEKK1 (Baud et al.
1999), although this interaction may be mediated by the
adapter protein ECSIT (Kopp et al. 1999). The ECSIT
adapter protein appears to increase MEKK1 activity via
proteolytic processing. TRAF6 also binds the MAPK ki-
nase kinase TAK1 via the adapter protein TAB2
(Takaesu et al. 2000) and may lead to TAK1 activation
via autophosphorylation of the T-loop (Kishimoto et al.
2000). MEKK1 and TAK1 may therefore mediate the ef-
fects of TRAF6 on activation of the JNK signal transduc-
tion pathway in cells treated with IL-1.
The relative roles of MEKK1, ASK1, and TAK1 in the

cytokine receptor signal transduction pathways that cause
JNK activation is unclear. Gene-disruption studies of ASK1
and TAK1 have not yet been reported. However, MEKK1
gene disruption has been examined. It was reported by one
group that TNF- and IL-1-stimulated JNK activity was
eliminated inMekk1−/− ES cells (Xia et al. 2000). However,
a study by an independent group usingMekk1−/− primary
MEF isolated from MEKK1-deficient mice andMekk1−/−

macrophages differentiated from ES cells in vitro indicated
that MEKK1 was not required for TNF- and IL-1-stimu-
lated JNK activity (Yujiri et al. 2000). Together, these stud-
ies suggest that it is possible that MEKK1 may play a re-
dundant role in the regulation of the JNK pathway by TNF
and IL-1 in MEF. Further studies will be required to estab-
lish the roles of MEKK1, ASK1, TAK1, and other MAPK
kinase kinases in the activation of JNK by cytokines.
The MAPK kinase kinases function within a MAPK

signaling module composed of JNK and one of the two
MAPK kinases that activate JNK (MKK4 and MKK7).
The requirement of MKK4 and MKK7 for JNK activation
is unclear. In this study we have examined the role of the
MKK4 and MKK7 protein kinases by targeted gene dis-
ruption and investigation of the properties of primary
MEF isolated from Mkk4−/−, Mkk7−/−, and Mkk4−/−

Mkk7−/− embryos. The results of our analysis demon-
strated that both MKK4 and MKK7 are required for op-
timal activation of JNK in vivo. MKK4 andMKK7 appear
to contribute equally to JNK activation in response to
environmental stress (e.g., UV radiation). In contrast,
MKK7 is essential for JNK activation by inflammatory
cytokines (e.g., TNF and IL-1), and MKK4 is only re-
quired for optimal JNK activation. These data demon-
strate that MKK4 and MKK7 cooperate to activate JNK
in vivo. The mechanism of cooperation between MKK4
and MKK7 may be mediated by the complementary sub-
strate specificity of these protein kinases (MKK4 and
MKK7 preferentially phosphorylated JNK on Tyr182 and
Thr180, respectively). Dual phosphorylation is required
for optimal JNK activity, although phosphorylation on
Thr180 alone is sufficient for partial JNK activation.
Similar analysis of the roles of MKK1/MKK2 and MKK3/
MKK6 have not yet been reported, but it is possible that
these activators of ERK and p38 MAPK, respectively,
may also cooperate in vivo.

The observation that the JNK activators MKK4 and
MKK7 are individually insufficient for maximal JNK ac-
tivation has important functional implications for the
understanding of the role of MAPK scaffold proteins. The
JIP group of scaffold proteins, which bind JNK and
MKK7, potentiate JNK activation by mixed-lineage pro-
tein kinases (Whitmarsh and Davis 1998). It is possible
that these scaffold proteins function by tethering MAPK
pathway components to increase the processivity of JNK
phosphorylation on Thr and Tyr by MKK7. This mecha-
nism would allow maximal JNK activation by MKK7 in
the absence of MKK4. JNK scaffold proteins may there-
fore be required to create signaling modules that can be
activated in response to specific stimuli without the co-
operative actions of MKK4 and MKK7.

Materials and methods

Cell culture

The Mkk4 gene (Yang et al. 1997) and the Mkk7 gene (Dong et
al. 2000) were disrupted by homologous recombination. MEF
were prepared from E13.5 embryos and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf se-
rum (Life Technologies). All experiments were performed using
cells between passage #2 and passage #5. Similar data were ob-
tained in experiments using independently isolated MEF.

Immunoblot analysis

Frozen cell pellets were lysed on ice (30 min) in RIPA buffer (50
mM Tris at pH 7.5, 10 mM �-glycerophosphate, 5 mM EDTA,
150 mM NaCl, 1% NP-40, 1 mM phenylmethylsulfonyl fluo-
ride, 1 mM sodium orthovanadate, 0.4 U/mL aprotinin, and 0.4
U/mL leupeptin). Extracts (50 µg protein) were examined by
protein immunoblot analysis by probing with antibodies to
MKK4 (1 : 1000; Pharmingen), MKK7 (1 : 1000; Zymed), JNK
(1 : 2000; Pharmingen), p38 MAPK (1 : 1000; Santa Cruz), ERK
(1 : 4000; Santa Cruz), p53 (1 : 2000; Calbiochem), ARF
(1 : 2000; Novus Biologicals), Bcl2 (1 : 1000; Pharmingen), and
Flag epitope (1 : 4000; Sigma). Immunecomplexes were detected
by enhanced chemiluminescence (Kirkegaard & Perry).

Immunofluorescence analysis

MEF were grown on glass coverslips, fixed and permeabilized
with 100% methanol at −20°C (10 min), and processed for im-
munofluorescence microscopy. The primary antibody was
sheep polyclonal antibody to p53 (1 : 500; Calbiochem). The im-
mune complexes were detected with fluorescein-conjugated
anti-sheep Ig antibody (1 : 200; Jackson ImmunoResearch). Nu-
clei were stained (1 min) with 4,6-diamidino-2-phenylindole
(1 : 10,000; Molecular Probes). Fluorescence microscopy was
performed with a Zeiss Axioplan microscope.

Protein kinase assays

MAPK activity (Raingeaud et al. 1995) and MAPKK activity
(Tournier et al. 1999) were measured by in vitro protein kinase
assays. Phosphoamino acid analysis was performed by partial
acid hydrolysis and thin layer electrophoresis (Alvarez et al.
1991).
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