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Mechanism of p38 MAP kinase
activation in vivo
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The p38 mitogen-activated protein kinase (MAPK) is activated in vitro by three different protein kinases:
MKK3, MKK4, and MKK6. To examine the relative roles of these protein kinases in the mechanism of p38
MAP kinase activation in vivo, we examined the effect of disruption of the murine Mkk3, Mkk4, and Mkké6
genes on the p38 MAPK signaling pathway. We show that MKK3 and MKKG6 are essential for tumor necrosis
factor-stimulated p38 MAPK activation. In contrast, ultraviolet radiation-stimulated p38 MAPK activation
was mediated by MKK3, MKK4, and MKKG6. Loss of p38 MAPK activation in the mutant cells was associated
with defects in growth arrest and increased tumorigenesis. These data indicate that p38 MAPK is regulated by
the coordinated and selective actions of three different protein kinases in response to cytokines and exposure
to environmental stress.
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Several groups of mitogen-activated protein kinase
(MAPK) signal transduction pathways have been identi-
fied in mammals, including extracellular signal-regu-
lated protein kinase (ERK), c-Jun NH,-terminal kinase
(JNK), and p38 MAPK. Each of these groups of MAPK is
activated by dual phosphorylation on Thr and Tyr within
a tripeptide motif (Thr—Xaa-Tyr) located within the ac-
tivation loop of the MAPK. This phosphorylation is me-
diated by seven MAPK kinases (MAPKKs] that have
specificity for individual MAPK isoforms. Thus, ERK1
and ERK2 are activated by MEK1 and MEK2, ERKS5 is
activated by MEK5, JNK is activated by MKK4 and
MKK?7, and p38 MAPK is activated by MKK3 and MKK6
(Schaeffer and Weber 1999; Kyriakis and Avruch 2001).
These MAPKKs and MAPKs can create independent sig-
naling modules that may function in parallel.

The mechanism that accounts for the specificity of
MAPKKs to activate individual MAPK isoforms is me-
diated, in part, by an interaction between an N-terminal
region located on the MAPKK and a docking site located
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on the MAPK (Bardwell and Thorner 1996; Enslen and
Davis 2001). Recently, structural insight into the mecha-
nism of interaction between a MAPKK and a MAPK has
been achieved by X-ray crystallography (Chang et al.
2002). This analysis demonstrated that there is a direct
interaction of the N-terminal region of the MAPKK with
a docking groove present on the surface of the MAPK
distant from the catalytic active site (Weston et al. 2002).
A second determinant of MAPKK specificity is the struc-
ture of the MAPK activation loop that contains the Thr—
Xaa-Tyr dual phosphorylation motif (Enslen et al. 2000).
The specificity of these interactions mediate, in part, the
ability of an individual MAPKK to activate a particular
MAPK selectively.

It is interesting that mammalian MAPK signaling
modules include more than one MAPKK because in
yeast only a single MAPKK appears to activate each
MAPK. The role of this pathway complexity in mam-
mals is unclear. However, it may be significant that in-
dividual yeast MAPK isoforms are activated by only a
limited group of extracellular stimuli, but mammalian
MAPK isoforms are activated by a wide array of extra-
cellular stimuli. It is therefore possible that the employ-
ment of more than one MAPKK for the activation of a
specific mammalian MAPK may contribute to the abil-
ity of these signaling modules to respond to multiple
stimuli.
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Studies of the ERK1/2 signaling module demonstrate
that MEKI1 has an essential function in placental forma-
tion during embryonic development, but the role of
MEKI1 to activate ERK1/2 appears to be largely redun-
dant with MEK?2 (Giroux et al. 1999). In contrast, studies
of the JNK signaling module have demonstrated nonre-
dundant functions of both MKK4 and MKK7 in JNK ac-
tivation. JNK is phosphorylated preferentially on Tyr by
MKK4, whereas MKK7 preferentially phosphorylates
JNK on Thr (Lawler et al. 1998; Tournier et al. 2001;
Wada et al. 2001). Because dual phosphorylation on Thr
and Tyr is required for full activation of JNK (Derijard et
al. 1994), these data suggest that MKK4 and MKK7 may
cooperate to activate JNK. Strong support for this con-
clusion has been obtained from studies of Mkk4 and
Mkk?7 gene disruption. Ultraviolet (UV) radiation causes
activation of both MKK4 and MKK7 (Tournier et al.
1999), and loss-of-function mutations in either Mkk4 or
Mkk7 cause reduced UV-stimulated JNK activation
(Nishina et al. 1997; Yang et al. 1997; Ganiatsas et al.
1998; Tournier et al. 2001; Wada et al. 2001; Kishimoto
et al. 2003). Significantly, compound mutations of both
Mkk4 and Mkk?7 eliminated the ability of UV radiation
to activate JNK, indicating that these MAPKK isoforms
are essential for JNK activation (Tournier et al. 2001).

The observation that MKK4 and MKK7 have nonre-
dundant functions in the activation of JNK suggests that
other MAPKK may also have specialized functions in
mammalian MAPK signaling modules. The purpose of
the study reported here was to examine the role of
MAPKK isoforms in the activation of p38 MAPK. Previ-
ous studies have identified the isoforms MKK3 and
MEKEKG6 as specific activators of p38 MAPK (Derijard et al.
1995; Raingeaud et al. 1996). However, in vitro studies
suggest that MKK4, an activator of JNK, may also con-
tribute to p38 MAPK activation (Derijard et al. 1995;
Doza et al. 1995; Lin et al. 1995). Furthermore, it has also
been reported that some cell surface receptors, including
tumor necrosis factor (TNF) receptors, may activate p38
MAPK by a MAPKK-independent mechanism (Ge et al.
2002, 2003). Our approach was to examine the effect of
loss-of-function mutations in the murine Mkk3, Mkk4,
and Mkké genes. We show that all three MAPKK iso-
forms can contribute to p38 MAPK activation and that
the repertoire of MAPKK isoforms that cause p38 MAPK
activation in vivo depends on the specific stimulus that
is examined. Loss of p38 MAPK regulation in the mutant
cells causes defects in growth arrest and increased tu-
morigenesis.

Results

Targeted disruption of Mkk3 and Mkké6

We have previously reported phenotypes of mice with
targeted disruptions of the Mkk3 and Mkké genes (Lu et
al. 1999; Wysk et al. 1999; Tanaka et al. 2002). The
Mkk3™/~ and Mkk6™/~ mice were viable with no obvious
developmental abnormalities. Mice with compound mu-
tations in Mkk3 and Mkk6 were created by breeding
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these mutant mice. Because Mkk3 and Mkk6 are both
located on mouse Chromosome 11, we screened mice for
the presence of a chromosome containing disruptions of
both Mkk3 and Mkké. Subsequent breeding resulted in
the generation of mice with compound mutations in
Mkk3 and Mkk6. Mice lacking expression of both MKK3
and MKKG6 were not viable. The Mkk3~/~ Mkk6~/~ em-
bryos died during midgestation at embryonic day 11.0-
11.5 (E11.0-E11.5). Major defects in the formation of the
placenta and deficiencies in the development of the em-
bryonic vasculature were observed (Fig. 1). The mutant
mice appeared to be developmentally delayed and exhib-
ited symptoms of severe anoxia. This phenotype of
Mkk3~/~ Mkké™/~ mice resembles that previously de-
scribed for p38 MAPK~/~ embryos (Adams et al. 2000;
Allen et al. 2000; Tamura et al. 2000). The similar em-
bryonic phenotype of these mice is consistent with the
known role of MKK3 and MKXKG6 to activate p38 MAPK
selectively (Raingeaud et al. 1996). Together, these data
indicate that MKK3 and MKK6 serve redundant roles
that are essential for survival.

To characterize the effects of MKK3 and MKK6 defi-
ciency biochemically, we isolated fibroblasts from wild-
type and mutant embryos. Immunoblot analysis demon-
strated that Mkk3~/~ mice did not express MKK3, that
Mkk67/~ cells did not express MKK6, and that Mkk3~/~
Mkk67/~ cells did not express MKK3 or MKK6 (Fig. 2A).
In contrast, these cells expressed similar amounts of
JNK, p38 MAPK, MKK4, and MKK?7 (Fig. 2A|. These data
indicated that defects in the expression of MKK3 and
MKKG6 did not cause marked changes in the expression of
other components of stress-activated MAP kinase path-
ways. Phase contrast microscopy demonstrated that the
wild-type, Mkk3~/~, Mkk6~/~, and Mkk3~/~ Mkk6~/~ cells
displayed the typical flattened appearance of embryonic
fibroblasts (Fig. 2B). The rate of proliferation of these
cells in medium supplemented with 10% fetal calf se-
rum was similar, although the Mkk3~/~ Mkké6~/~ fibro-
blasts were found to reach a slightly higher saturation
density compared with wild-type fibroblasts (Fig. 2C).

MKK3 and MKK6 are essential for TNFa-stimulated
p38 MAPK activation

To examine the role of MKK3 and MKK6 in p38 MAPK
activation in vivo, we investigated the effect of TNFa on
wild-type and mutant fibroblasts by immunoblot analy-
sis using antibodies that bind phosphorylated and acti-
vated MAPK and MAPKK. Control studies using wild-
type cells demonstrated that TNFa caused a marked in-
crease in MAPK activation (JNK, ERK, and p38; Fig. 3A)
and a more moderate activation of both MKK3 and
MKKG6 (Fig. 3A). Mkké gene disruption did not cause ob-
vious changes in MAPK activation in cells treated with
TNFa. In contrast, Mkk3 gene disruption caused reduced
activation of p38 MAPK, but did not alter JNK or ERK
activation. Interestingly, compound mutant cells lack-
ing both MKK3 and MKK6 were severely defective in
TNFa-stimulated p38 MAPK activation (Fig. 3A). This
defect in TNFa-stimulated p38 MAPK activation in
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Mkk3~/~ Mkk6~/~ cells was confirmed by in vitro kinase
assays (Fig. 3B). Together, these data indicate that MKK3
and MKKG6 serve redundant, but essential, roles in the
TNFa-stimulated activation of p38 MAPK.

MKK3 and MKK6 contribute to p38 MAPK activation
caused by UV radiation

MKK3 and MKKG6 are essential for TNFa-stimulated p38
MAPK activation (Fig. 3). To investigate whether MKK3
and MKK6 are required for other stimuli that activate
p38 MAPK, we examined the effect of an environmental
stress, UV radiation. Control studies using immunoblot
analysis with phospho-specific antibodies demonstrated
that exposure of wild-type cells to UV radiation caused
increased activation of MAPKK (MKK3, MKK4, and
MKKG6; Fig. 4A) and caused increased activation of ERK,
JNK, and p38 MAPK (Fig. 4A). Deficiency of MKK3 or
MKKG6 did not cause marked defects in p38 MAPK acti-
vation. Strikingly, UV radiation also caused p38 MAP
kinase activation in Mkk3~/~ Mkk6 ™/~ cells, although the
extent of p38 MAPK activation was diminished com-
pared with wild-type cells (Fig. 4A). This observation
was confirmed using in vitro kinase assays (Fig. 4B). To-
gether, these data indicate that although MKK3 and

Role of MAPKK in p38 activation

Figure 1. Characterization of Mkk3~/~ Mkk6™/~ mice.
(A) The morphology of wild-type and Mkk3/67/~ em-
bryos at E11.0 is illustrated. The mutant embryos are
anemic and hypovascular. (B) The morphology of the
placenta of wild-type and Mkk3/6~/- embryos at E11.0
is illustrated (ventral view). The placenta of the mutant
embryos is pale with decreased vascularization. (C) Sec-
tions of the placenta from wild-type and Mkk3/6~/~ em-
bryos at E10.5 were stained with hematoxylin and eosin
(H&E). The developing labyrinth and spongiotropho-
blast layers are markedly decreased in the mutant com-
pared with the wild type. (Ch) chorionic plate; (la) laby-
rinth; (sp) spongiotrophoblast; (ma) maternal decidual
tissue; (Gi) trophoblast giant cells.

MKKG6 contribute to p38 MAPK activation in cells ex-
posed to UV radiation, these protein kinases are not es-
sential for UV-stimulated p38 MAPK activation (Fig. 4).
This observation markedly contrasts with the essential
role of MKK3 and MKK6 in TNFa-stimulated p38 MAPK
activation (Fig. 3).

MKK4 contributes to UV-stimulated p38 MAPK
activation

The observation that Mkk3~/~ Mkk6~/~ cells can respond
to UV radiation with increased p38 MAPK activation
demonstrated that a mechanism must exist in UV-
stimulated cells to activate p38 MAPK in the absence of
MKK3 and MKKG6. Previous studies have indicated two
possible mechanisms. First, p38 MAPK may be activated
by a MAPKK-independent mechanism. For example, it
has been reported that the TAB1 adapter protein may
cause p38 MAPK activation in the absence of MAPKK
involvement (Ge et al. 2002, 2003). This TAB1-depen-
dent (and MAPKK-independent) mechanism has been
implicated in p38 MAPK activation caused by TNFa (Ge
et al. 2002, 2003). However, because we now show that
TNFa-stimulated p38 MAPK requires MKK3 and MKK6
(Fig. 3), the conclusion that TNFa causes MAPKK-inde-
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Figure 2. Isolation of fibroblasts from MKK3- and MKK6-defi-
cient mice. (A) Wild-type (WT), Mkk3~/~, Mkk6~/-, and Mkk3~/-
Mkké67/~ fibroblasts were cultured in vitro. Extracts prepared
from these cells were examined by immunoblot analysis using
antibodies to JNK, ERK, p38 MAPK, MKK3, MKK4, MKK6,
MKKY7, and a-tubulin. (B) Cultures of wild-type (WT), Mkk3~/-,
Mkk67/-, and Mkk3~/~ Mkké~/~ fibroblasts were examined by
phase contrast microscopy. (C) The proliferation of wild-type
(WT), Mkk3~/~, Mkk6~'~, and Mkk3~/~ Mkké6~/~ fibroblasts cul-
tured in medium supplemented with 10% fetal calf serum was
examined. The relative cell number was measured by staining
with crystal violet (ODgos ). The normalized data presented
are the mean of triplicate determinations and are representative
of three independent experiments.

pendent activation of p38 MAP kinase (Ge et al. 2002,
2003) can be questioned. Given that TAB1 has not been
implicated in p38 MAPK activation caused by UV radia-
tion (Ge et al. 2002, 2003), it is unlikely that TABI con-
tributes to the UV-stimulated activation of p38 MAPK
observed in Mkk3~/~ Mkk6~/~ fibroblasts (Fig. 4). A sec-
ond possible mechanism that may account for MKK3-
and MKK6-independent activation of p38 MAPK is that
these protein kinases may not be the only MAPKKs that
can activate p38 MAPK. For example, in vitro studies
indicate that MKK4, an established activator of JNK,
may also activate p38 MAPK (Derijard et al. 1995; Doza
et al. 1995; Lin et al. 1995).

To test the role of MKK4 in the UV-stimulated acti-
vation of p38 MAPK, we compared the activation of p38
MAPK in wild-type and Mkk4~/~ fibroblasts. As expected
(Nishina et al. 1997; Yang et al. 1997; Ganiatsas et al.
1998; Tournier et al. 2001), Mkk4 gene disruption caused
decreased activation of JNK following exposure to UV or
TNFa (Fig. 5A). In contrast, the loss of MKK4 expression
caused no marked decrease in p38 MAPK activation in
response to UV or TNFa (Fig. 5B). These data confirm the
conclusion that MKK4 has a nonredundant role in the
activation of JNK and demonstrate that MKK4 has either
no role, or a redundant role, in the activation of p38
MAPK.
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To test whether MKK4 may have a redundant role in
the activation of p38 MAPK, we examined the effect of
MKK4 loss of function in wild-type and Mkk3~/~
Mkk6~/~ fibroblasts. Attempts to construct triple knock-
out mice (Mkk3~/~ Mkk4~/~ Mkké6™/~) by breeding were
not successful, in part because all three genes are linked
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Figure 3. Targeted disruption of Mkk3 and Mkké prevents ac-
tivation of p38 MAPK by tumor necrosis factor. (A) Wild-type
(WT), Mkk3~/~, Mkk6~/~, and Mkk3~/~ Mkké ™/~ fibroblasts were
treated without and with 10 ng/mL TNFa« (10 min). Extracts
prepared from these cells were examined by immunoblot analy-
sis using antibodies to phospho-MKK3/6 (P-MKK3, P-MKK4,
P-MKK6), MKK3, MKK4, MKK6, phospho-p38 MAPK (P-p38),
p38 MAPK, phospho-JNK (P-JNK), JNK, phospho-ERK (P-ERK),
ERK, and a-Tubulin. The phospho-MKK3/6 antibody binds ac-
tivated MKK3 and MKK4 and can also bind more weakly to
activated MKK6. Two exposures of the phospho-MKK3/6 im-
munoblot are presented to show activated MKK3, MKK4, and
MEKEKG6. (B) The activation of p38 MAPK was examined by in
vitro kinase assays using ATF2 as the substrate.
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Figure 4. Targeted disruption of Mkk3 and Mkk6 does not pre-
vent UV-stimulated activation of p38 MAPK. (A) Wild-type
(WT), Mkk3~/~, Mkk6~/~, and Mkk3~/~ Mkké6~/~ fibroblasts were
treated without and with 60 J/m? of UV radiation and incubated
(30 min). Extracts prepared from these cells were examined by
immunoblot analysis using antibodies to phospho-MKK3/6 (P-
MKK3, P-MKK4, P-MKK6), MKK3, MKK4, MKK6, phospho-p38
MAPK (P-p38), p38 MAPK, phospho-JNK (P-JNK), JNK, phos-
pho-ERK (P-ERK], ERK, and a-Tubulin. (B) The activation of p38
MAPK was examined by in vitro kinase assays using ATF2 as
the substrate.

on mouse Chromosome 11. We therefore used an alter-
native approach to test the role of MKK4 in p38 MAPK
activation using siRNA (Fig. 5C). Decreased expression
of MKK4 caused by siRNA caused no change in UV-
stimulated activation of p38 MAPK in wild-type cells,
but strongly suppressed p38 MAPK activation in
Mkk3~/~ Mkké6™/~ fibroblasts (Fig. 5C). Similarly, inhibi-
tion of MKK4 with dominant-negative JNK caused no
change in UV-stimulated p38 MAPK activation in wild-
type cells, but inhibited p38 MAPK activation in

Role of MAPKK in p38 activation

Mkk3~/~ Mkk6™/~ fibroblasts (data not shown). Together,
these data indicate that MKK4 serves a role that is re-
dundant with MKK3 and MKK6 in the activation of p38
MAPK in cells exposed to UV radiation.

Altered p38 MAPK regulation causes defects in growth
arrest and increased tumorigenesis

It is been proposed that the p38 MAPK pathway regu-
lates growth arrest (Bulavin et al. 2002a). Because
Mkk3~/~ Mkk6~/~ fibroblasts exhibit severe defects in
p38 MAPK regulation, we investigated whether these
cells might have altered proliferative responses. Control
studies demonstrated that although p38 MAPK activa-
tion was markedly reduced in Mkk3~/~ Mkké~/~ fibro-
blasts (Fig. 2A), the rate of proliferation of wild-type and
Mkk3~/- Mkk6~/~ fibroblasts was similar (Fig. 2B). How-
ever, differences in proliferation between these cells
were observed following serum starvation (Fig. 6B). Wild-
type cells cultured in serum-free medium were not ob-
served to proliferate. In contrast, the Mkk3~/~ Mkk6™/~
fibroblasts were found to have increased proliferation po-
tential in serum-free medium (Fig. 6B). To biochemically
characterize the difference between the wild-type and
Mkk3~/~ Mkk6™/~ fibroblasts, we examined Rb phos-
phorylation (a hallmark of G1/S progression) in serum-
starved wild-type and mutant fibroblasts. Serum starva-
tion caused Rb dephosphorylation in wild-type fibro-
blasts, but not in Mkk3~/~ Mkké6~/~ fibroblasts (Fig. 6D).
Cyclin-dependent protein kinases are thought to repre-
sent the major group of Rb kinases in vivo. We therefore
examined cyclin expression in the wild-type and
Mkk3~/~ Mkk6~/~ fibroblasts. Ribonuclease protection
assays demonstrated that serum starvation caused de-
creased expression of D-type cyclins in wild-type cells
(Fig. 6C). In contrast, the expression of D-type cyclins
was maintained in serum-starved Mkk3~/~ Mkk6~/~ fi-
broblasts. Immunoblot analysis confirmed that D-type
cyclins were selectively expressed in serum-starved
Mkk3~/~ Mkk6~/~ fibroblasts, but not in the serum-
starved wild-type fibroblasts (Fig. 6D). This deregulated
expression of D-type cyclins in Mkk3~/~ Mkk6™/~ fibro-
blasts is consistent with the established role of p38 MAP
kinase as an inhibitor of cyclin D gene expression
(Lavoie et al. 1996).

The p38 MAP kinase pathway has also been impli-
cated in the regulation of c-Jun gene expression (Han et
al. 1997; Hazzalin et al. 1997). Defects in the p38 MAPK
pathway in Mkk3~/~ Mkké6~/~ fibroblasts could therefore
cause disrupted c-Jun expression and consequently al-
tered cellular proliferation. We therefore examined c-Jun
mRNA expression in wild-type and Mkk3~/~ Mkk6~/~ fi-
broblasts (Fig. 6E). Contrary to expectations, c-Jun ex-
pression was increased in Mkk3~/~ Mkk6 ™/~ fibroblasts.
These data indicate that although the MKK3/6 pathway
may contribute to the regulation of c-Jun expression, this
role of MKK3/6 can be compensated by the function of
other signal transduction pathways in fibroblasts. In-
deed, previous studies have demonstrated that c-Jun ex-
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Figure 5. MKK4 deficiency causes decreased activation of JNK and p38 MAPK. (A,B) Wild-type (WT) and Mkk4~/~ fibroblasts were
treated without and with 10 ng/mL TNFa (15 min) or 60 J/m? of UV radiation (30 min). The expression of JNK (A) and p38 MAPK (B)
was examined by immunoblot analysis (top panels). Activated JNK (P-JNK) and p38 (P-p38) were detected by immunoblot analysis
(middle panels). JNK and p38 MAPK activity was also measured with an in vitro kinase assay using c-Jun and ATF2 as substrates,
respectively (bottom panels). The amount of phosphorylated c¢-Jun and ATF2 was quantitated by PhosphorImager analysis (Molecular
Dynamics). The data are presented in arbitrary units. (C) Wild-type (WT) and Mkk3~/- Mkké~/~ fibroblasts were transfected with siRNA
duplexes targeting MKK4 (+siRNA) or luciferase (-siRNA). The cells were treated without and with 60 J/m?of UV radiation (30 min)
at 48 h posttransfection. The expression of MKK4, p38 MAPK, and activated p38 MAPK (P-p38) was examined by immunoblot
analysis. p38 MAPK activity was examined in an in vitro kinase assay using the substrate ATF2. The amount of phosphorylated ATF2

was quantitated by Phosphorlmager analysis.

pression is regulated by multiple functionally redundant
signaling pathways (Chiariello et al. 2000).

Together, these data indicate that Mkk3~/~ Mkké6~/~
fibroblasts exhibit a deregulated cell cycle associated
with a failure to growth arrest in serum-free medium and
altered expression of D-type cyclins and c-Jun (Fig. 6).
Consistent with this conclusion, a dramatic increase in
tumor burden was observed when SV40-large-T-antigen-
immortalized Mkk3~/~ Mkk6~/~ fibroblasts (compared
with wild-type cells) were injected subcutaneously in
athymic nude mice (Fig. 7).

Discussion

The protein kinases MKK3 and MKK6 have been re-
ported to specifically activate p38 MAP kinase (Derijard
et al. 1995; Raingeaud et al. 1996). Consequently, these
MAPKKs have been considered to be critical for p38
MAPK activation in vivo (Schaeffer and Weber 1999;
Kyriakis and Avruch 2001). However, biochemical stud-
ies indicate that MKK4, an activator of JNK, can also
activate p38 MAPK in vitro (Derijard et al. 1995; Doza et
al. 1995; Lin et al. 1995). The physiological significance
of this observation has been questioned. Indeed, the role
of MKK4 in p38 MAPK activation in vivo is controver-
sial because studies of Mkk4~/~ mice demonstrate major
defects in JNK activation without obvious changes in
p38 MAPK activation (Nishina et al. 1997; Yang et al.
1997). Furthermore, the proposed dual function of MKK4
to activate two separate groups of MAPK (JNK and p38)
is unprecedented.

In this study, we have examined the role of MKKS3,
MKK4, and MKK6 using targeted gene disruption in
mice and siRNA approaches. We show that all three
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MAPKK isoforms contribute to the activation of p38
MAP kinase in cells exposed to UV radiation. These data
confirm the importance of MKK3 and MKK6 in p38 MAP
kinase activation. In addition, we demonstrate that
MKK4 also contributes to p38 MAP kinase activation in
cells exposed to UV radiation. This function of MKK4
was not detected in previous studies because the role of
MKK4 in fibroblasts exposed to UV radiation is redun-
dant with MKK3 and MKK6. Nevertheless, MKK4 is es-
tablished by these data to be an activator of two different
groups of MAPK: p38 and JNK.

MKK3 and MKK6 are essential for TNFa-stimulated
p38 MAPK activation

TNFa causes p38 MAP kinase activation in wild-type
fibroblasts, but not in Mkk3~/~ Mkké~/~ fibroblasts (Fig.
3). This observation demonstrates that TNFa causes p38
MAPK activation in a MAPKK-dependent manner. How-
ever, a significant question relates to the specificity of
this response involving MKK3 and MKK6. Why is there
no discernable contribution of MKK4 to TNFa-stimu-
lated p38 MAPK activation? One contributing factor
may be the observation that TNFa activates MKK3,
MKK6, and MKK?7, but does not activate MKK4 (Fig. 3;
Tournier et al. 1999, 2001). However, disruption of the
Mkk4 gene does cause reduced TNFa-stimulated JNK
activity, indicating that basally active MKK4 is required
for maximal TNFa-stimulated JNK activation (Tournier
et al. 2001). The effectiveness of MKK4 to activate JNK
under these conditions may be accounted for by the ob-
servation that MKK7 primarily phosphorylates JNK on
Thr 180, whereas MKK4 primarily phosphorylates JNK
on Tyr 182. Interestingly, phosphoThr 180-JNK is the
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Figure 6. MKkk3~/~ Mkk6™/~ fibroblasts ex-
hibit defects in growth arrest. (A) Wild-type
(WT) and Mkk3~/~ Mkké6™/~ fibroblasts were
serum starved (24 h). The effect of addition of
10% serum (30 min) to the serum-starved
cells is presented. The expression of p38
MAPK and activated p38 MAPK (P-p38) was
examined by immunoblot analysis. (B) Wild-
type (WT), Mkk3~/~, Mkk6~/-, and Mkk3~/~
Mkk6™/~ fibroblasts were cultured in different
concentrations of fetal calf serum (7 d). The
relative cell number was measured by stain-
ing with crystal violet (ODso5 ). The nor-
malized data presented are the mean of trip-
licate determinations and are representative

D WT  Mkks/6-- E WT  Mkk36-- WT  Mkk3/6 - of three independent experimen?s. (C) Cyclin
e and L32 mRNA expression in wild-type (WT)
Cyc'fn D e e cdun o= - - - and Mkk3~/~ Mkké ™/~ fibroblasts was exam-
Cyelipbe “SEE8 SRS - ined in a ribonuclease protection assay. Cells
PROE e e e Jung W - w L growing in 10% fetal calf serum were com-
iR - = pared with cells cultured (24 h) in serum-free
P —— wo (@ = .. (1] medium. (D) Extracts prepared from wild-type
4 5 4 = B d o o= e (WT) and Mkk3~/~ Mkk6~/~ fibroblasts were
— examined by immunoblot analysis using an-

Serum Serum TNF

tibodies to cyclin D1, cyclin D2, Rb (detects

Rb and phospho-Rb), hypo-pRb (detects hypo-phosphorylated Rb), and a-Tubulin. Cells growing in 10% fetal calf serum were compared
with cells cultured (24 h) in serum-free medium. (E) c-Jun, JunB, and JunD mRNA expression in wild-type (WT) and Mkk3~/~ Mkké6~/~
fibroblasts incubated without and with 10 ng/mL TNF« or 10% serum (24 h) was examined in a ribonuclease protection assay.

preferred substrate for MKK4 compared with nonphos-
phorylated JNK (Lawler et al. 1998). The low Km of phos-
phoThr 180-JNK as a substrate for Tyr phosphorylation
by MKK4 most likely accounts for the ability of basally
active MKK4 to participate in TNFa-stimulated JNK ac-
tivation.

The mechanism of MKK4 activation of p38 MAPK is
markedly different from that for the activation of JNK.
MKK4 preferentially phosphorylates JNK on Tyr (Lawler
et al. 1998), but phosphorylates p38 MAPK equally on
Thr and Tyr (Doza et al. 1995; Tournier et al. 2001).
Similarly, p38 MAPK is phosphorylated on both Thr and
Tyr by MKK3 and MKK6 (Enslen et al. 2000). The ab-
sence of preferential Thr or Tyr phosphorylation of p38
MAPK may contribute to the lack of a role for MKK4 in
TNFa-stimulated p38 MAPK activation.

Activation of p38 MAP kinase by
MAPKK-independent mechanisms

Our studies of fibroblasts have not revealed a role for a
MAPKK-independent mechanism of p38 MAPK activa-
tion. However, it is possible that such mechanisms of
p38 MAPK activation may exist in other cell types. Simi-
larly, MAPKK-independent mechanisms of p38 MAPK
activation may be present in fibroblasts exposed to spe-
cific stimuli. Recent studies have established that the
adapter protein TABI represents an example of a mecha-
nism of MAPKK-independent activation of p38 MAPK
(Ge et al. 2002). TAB1 binds and activates TAKI, a
MAP3K that can activate both the JNK and p38 MAPK
pathways. However, TAB1 also binds p38 MAPK and

causes MAPKK-independent activation by causing p38
MAPK autophosphorylation and activation. Evidence
that this function of TABI is independent of TAK1 has
been obtained from the identification of the splice vari-
ant TAB1B that does not bind TAK1, but does bind and
activate p38 MAPK (Ge et al. 2003). The MAPKK-inde-
pendent activation of p38 MAPK caused by TABI has
been proposed to regulate the basal activity of p38 MAPK
and to contribute to the activation of p38 MAPK by cell
surface receptors, including TNF receptors (Ge et al.
2002, 2003). The observation that TNFa does not acti-
vate p38 MAPK in Mkk3~/~ Mkké6~/~ fibroblasts suggests
that TABI does not contribute to TNFa-stimulated p38
MAPK activation in this cell type. Further studies are
required to determine the physiological context of
TAB1-mediated p38 MAPK activation. Importantly, the
recent description of Tabl~/~ mice, which die during
early embryogenesis with cardiovascular and lung dys-
morphogenesis, will facilitate this analysis (Komatsu et
al. 2002).

The MKK3/6 pathway regulates the cell cycle

The p38 MAPK pathway has been reported to inhibit cell
cycle progression by at least three different mechanisms
(Bulavin et al. 2002a). First, p38 MAP kinase inhibits the
expression of D-type cyclins (Lavoie et al. 1996). Second,
p38 MAPK can phosphorylate and inhibit Cdc25B and
Cdc25C, two protein phosphatases that activate cyclin-
dependent protein kinase activity (Bulavin et al. 2001).
Third, p38 MAP kinase phosphorylates the p53 tumor
suppressor on two activating sites in the N-terminal re-
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Figure 7. Compound disruption of Mkk3 and Mkké causes in-
creased tumorigenesis. Wild-type (WT) and Mkk3~/~ Mkké6~/~
fibroblasts immortalized with SV40 large T antigen were in-
jected subcutaneously in athymic nude mice. Representative
mice with tumors are illustrated. The mice were euthanized,
and the tumors were fixed and processed for histological analy-
sis. Sections of the tumors stained with H&E are shown. The
tumor volume was measured and is presented graphically
(mean = S.D.; n = 5).

gion (Ser 33 and Ser 46) and causes p53-dependent
growth arrest (Bulavin et al. 1999; Sanchez-Prieto et al.
2000). Together, these targets of the p38 MAP kinase
pathway (cyclin D, Cdc25, and p53) may cooperate to
arrest the cell cycle. This finding suggests that defects in
p38 MAPK function may contribute to cell cycle defects
and increased tumorigenesis. Indeed, the PpmID gene
(which encodes a phosphatase that inhibits p38 MAPK)
is amplified in many human tumors (Bulavin et al.
2002b). Inactivation of p38 MAPK by gene targeting in
mice or by overexpression of PPM1D dramatically in-
creases tumorigenesis (Bulavin et al. 2002b). Similarly,
in this study we found that decreased p38 MAPK activity
caused by compound mutations of Mkk3 and Mkké
causes growth arrest defects (Fig. 6) and increased tu-
morigenesis (Fig. 7).

Conclusions

The results of this study indicate that p38 MAPK is regu-
lated by MKK3, MKK4, and MKK6. The MKK3 and
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MKKG6 protein kinases are specific activators of p38
MAPK. In contrast, MKK4 represents a site of integra-
tion of stress-activated MAPK pathways because it can
activate both JNK and p38 MAPK. The repertoire of pro-
tein kinases that contribute to p38 MAPK activation de-
pends on the specific stimulus that is examined. Thus,
exposure of cells to TNF causes p38 MAPK activation by
a mechanism that requires MKK3 and MKK6. In con-
trast, MKK3, MKK4, and MKK6 contribute to p38 MAPK
activation caused by UV radiation. This role of MKK4 in
p38 MAPK activation in fibroblasts is largely redundant
with MKK3 and MKK6.

The contribution of MKK3, MKK4, and MKK6 to p38
MAPK activation may depend on the cell type that is
examined. For example, differences in the expression of
MKK3 and MKK6 account for the observation that T-
cell-receptor-mediated p38 MAPK activation is selec-
tively defective in Mkk6~/~ thymocytes and Mkk3~/~
CD4" peripheral T-cells, respectively (Lu et al. 1999;
Tanaka et al. 2002). Similarly, MKK4 may be an impor-
tant activator of p38 MAPK in cells with low levels of
MKK3 and MKKG6.

The observation that p38 MAPK is activated by three
different protein kinases suggests that this pathway rep-
resents a site of signal integration during the response of
cells to cytokines, growth factors, and environmental
stimuli. This is likely to be biologically significant be-
cause of the role of p38 MAPK in the regulation of cell
cycle progression (Bulavin et al. 2002a). Indeed, defects
in the p38 MAPK pathway are associated with tumori-
genesis (Bulavin et al. 2002b).

Materials and methods
Mice

Mkk3~/~ mice (Lu et al. 1999; Wysk et al. 1999), Mkk4~/~ mice
(Yang et al. 1997), and Mkk6~/~ mice (Tanaka et al. 2002) have
been described. Mkk3™/~ Mkk6™/~ mice were obtained by inter-
breeding Mkk3~/~ and Mkk6~/~ mice. Tumor assays were per-
formed using 12-week-old male athymic nude mice (Charles
River) by subcutaneous injection of 1 x 10° fibroblasts. All ani-
mals were housed in a facility accredited by the American As-
sociation for Laboratory Animal Care (AALAC), and the animal
studies were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Massachusetts.

Cell culture

Murine embryo fibroblasts were isolated and cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
calf serum (Invitrogen). The fibroblasts were immortalized us-
ing the SV40-large-T-antigen expression vector p321-T and the
Fugene reagent. In vitro fibroblast proliferation assays were per-
formed by staining with crystal violet (Tournier et al. 2001).

siRNA studies

Fibroblasts were transfected with double-stranded RNA (Dhar-
macon Research) targeting the sequence AATGCGGAGTAGT
GATTGATTGCCCAT using Lipofectamine 2000 (Invitrogen),
following the manufacturer’s recommendations (Elbashir et al.
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2001). The double-stranded siRNA was designed to selectively
suppress expression of mouse MKK4. Control experiments were
performed using double-stranded RNA targeting the sequence
AAACATGCAGAAAATGCTGTT, which suppresses the ex-
pression of luciferase (Elbashir et al. 2001). The cells were ex-
amined 48 h posttransfection.

Biochemical assays

Cells were lysed in Triton lysis buffer containing 20 mM Tris
(pH 7.4), 1% Triton X-100, 10% glycerol, 137 mM NaCl, 2 mM
EDTA, 25 mM B-glycerophosphate, 1 mM sodium orthovana-
date, 1 mM phenymethylsulfonyl fluoride, and 10 pug/mL of
aprotinin and leupeptin. Extracts (50 pg of protein) were exam-
ined by protein immunoblot analysis by probing with antibod-
ies to JNK (PharMingen), phospho-JNK (Cell Signaling), p38
MAPK (Santa Cruz), phospho-p38 MAPK (Cell Signaling),
ERK1/2 (Santa Cruz), phospho-ERK (Cell Signaling), MKK3
(Pharmingen), phospho-MKK3/6 (Cell Signaling), MKK4 (Santa
Cruz), MKK6 (Stressgen), MKK7 (Pharmingen), Rb (Pharmin-
gen), hypo-pRb (Pharmingen), and a-tubulin (Sigma). Immuno-
complexes were detected by enhanced chemiluminescence
(NEN). MAP kinase activity was measured by in vitro kinase
assays (Raingeaud et al. 1995). Ribonuclease protection assays
were performed using reagents obtained from Pharmingen.
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