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and 2 Mitogen-Activated Protein Kinase and Regulates Its Nuclear
Activity by Sustaining Its Phosphorylation Levels

Victoria Sanz-Moreno, Berta Casar, and Piero Crespo*

Departamento de Biologia Molecular, Universidad de Cantabria, Santander 39011, and Instituto de Investigaciones
Biomédicas, Consejo Superior de Investigaciones Cientificas, Madrid 28029, Spain

Received 6 September 2002/Returned for modification 25 October 2002/Accepted 27 January 2003

Mxi2 is a p38a splice isoform that is distinctively activated by mitogenic stimuli. Here we show that Mxi2
immunoprecipitates carry a kinase activity that is persistently activated by epidermal growth factor in a
fashion regulated by Ras, Raf, and MEK. We demonstrate that this kinase activity can be attributed not to
Mxi2 but rather to extracellular signal-regulated kinases 1 and 2 (ERK1/2), which coimmunoprecipitated with
Mxi2 both by ectopic expression and in a physiological environment like the kidney. Furthermore, we provide
evidence that Mxi2-ERK interaction has profound effects on ERK function, demonstrating that Mxi2 prolongs
the duration of the ERK signal by sustaining its phosphorylation levels. Interestingly, we show that the effects
of Mxi2 on ERK are restricted to nuclear events. Mxi2 potently up-regulates ERK-mediated activation of the
transcription factors Elkl and HIF1« but has no effect on the activity of ERK cytoplasmic substrates RSK2
and cPLA,, induced by epidermal growth factor or by MEK. Overall, our findings point to Mxi2 as a unique
member of the p38 family that may have an unprecedented role in the regulation of the functions of ERK

mitogen-activated protein kinases.

Mitogen-activated protein kinases (MAPKSs) are cytoplasmic
serine/threonine kinases that are activated in response to a
wide array of extracellular stimuli, including those that regu-
late cell proliferation, differentiation, development, and in-
flammation. MAPKSs are pivotal elements in the transduction
of signals from the cell surface, acting as essential mediators in
signaling cascades that include, sequentially, MAP kinase ki-
nase kinases, dual-specificity MAP kinase kinases (MAPKKs),
and MAPKs. To date, four mammalian MAPKs have been
studied in detail: extracellular signal-regulated kinases
(ERKSs), stress-activated protein kinases/c-Jun N-terminal ki-
nases (SAPKs/JNKs), p38 MAPKs, and ERKS/BMKs. The
ERKSs and BMKs are mainly activated by growth factors. By
contrast, JNKs and p38 are preferentially induced by stress-
inducing agents and proinflammatory cytokines, although ac-
tivation of various MAPK pathways by the same stimuli often
occurs (32, 45).

p38a/RK/CSBP2 MAPK was identified by virtue of its ho-
mology to the yeast HOG MAPK (14, 17, 22, 38). p38 is a
substrate for the MAPKKs MKK3 and MKKG®6 (8, 34) and, to a
lesser extent, for MKK4 (8, 23). Likewise, p38 is activated by
an ever-growing number of upstream MAP kinase kinase ki-
nase kinases and MAP kinase kinase kinases (32). Also, in a
fashion similar to that of SAPK/JNKs, the cascade that leads to
p38 activation is regulated by Rho family GTPases, unlike
ERKSs, whose activation is mainly regulated by Ras (36),

A feature common to all MAPKs is the existence of various
isoforms in each family. In the case of the p38 family, in ad-
dition to p38a/RK/CSBP2, isoforms p38pB, p38y/ERK6/SAPK3,
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p388, and SAPK4 have been described. Also, splicing variants
of p38a and p38B, namely, CSBP1, Mxi2, p38-2, and p38B2,
have been reported (32). Mxi2 was isolated in a two-hybrid
screen for proteins that bind c-Myc partner protein Max. Mxi2
is identical to p38 from amino acid 1 to amino acid 280 and
harbors a unique 17-amino-acid C terminus. Its distribution in
human tissues resembles that of p38 (49), being most abundant
in renal tissues (11). In addition to its ability to bind and
phosphorylate Max (49), Mxi2 also interacts with Omi (12), a
serine protease with extensive homology to the endoprotease
HtrA (18). Omi/HtrA is regulated by kidney ischemia (12) and
induces cell death through its interaction with XIAP (41).
Other than this, little is known about Mxi2 regulation and
functions that could help explain the role of a protein other-
wise almost identical to p38. We have recently reported that
some Mxi2 biochemical properties make it unique. Thus, Mxi2
is markedly stimulated by mitogens, it is insensible to inhibition
by pyridinyl imidazoles, and it is largely unaffected by dual-
specificity protein phosphatases. Moreover, Mxi2 phospho-
transfer activity on bona fide p38 substrates is remarkably low
(39). This divergent behavior may indicate that Mxi2 is in-
volved in as yet unknown regulatory mechanisms that are dis-
tinct from those of p38.

In studying the regulation of Mxi2 by mitogenic stimuli, we
have found that Mxi2 directly interacts with ERK1/2 and that
this interaction has profound effects on the functions of ERKs
that take place in the nucleus but not on those that occur in the
cytoplasm. Taken together, our results point to Mxi2 as a p38
family member that may play an unprecedented role in the
control of the functions of the ERK family MAPKs. In this
respect and in combination with the recently reported interac-
tion between p38a and ERKs (50), we identify a direct inter-
action between isoforms of the p38 and ERK families as a
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novel mechanism of transregulation between different MAPK
signaling modules.

MATERIALS AND METHODS

Materials. We have previously described the expression vectors encoding
Ras-, Rac-, Rho-, and Cdc42-activated (QL) and dominant inhibitory (N17)
mutant forms MEK1 A and -E (5), Raf 301 (43), Raf BXB (7), hemagglutinin
(HA)-ERKI1 and -2, and ERK2 K52R (1). MKK3, MKK4, and MKKG6 inhibitory
and activated mutant forms (48) were provided by J. L. Woodgett. MEK1 and
-2DD (3) were provided by M. J. Weber. HA-EIk1 (46) was provided by M. H.
Cobb. HA-RSK2 (30) was provided by T. W. Sturgill. All of the constructs were
in the cytomegalovirus background. Mxi2, p38 K52R, MEK1 K97R, and Mxi2
A17C were generated by PCR-directed mutagenesis. Mxi2 WI was a product of
random mutagenesis resulting from a PCR. All constructs were verified by
sequencing. HA- and AU5-tagged p38 and Mxi2 constructs were subcloned in
pCDNA3. PD98059 was from Calbiochem, anisomycin was from Sigma, and
epidermal growth factor (EGF) was from UBIL

Cell culture and transfection. HEK 293T and NIH 3T3 cells were grown in
Dulbecco modified Eagle medium-10% fetal calf serum. Subconfluent cells were
transfected by the calcium phosphate technique (7). The total amount of plasmid
DNA was adjusted to 3 to 4 pg per plate with vector DNA when necessary.

Animals. Three-month-old Wistar rats were housed, fed, and sacrificed in
accordance with European Community regulations. Kidneys were extracted and
homogenized in radioimmunoprecipitation assay buffer (46). Protein detection
was performed as described below.

MAPK kinase assays. Kinase assays for ERKs, p38, and Mxi2 were performed
as described previously (39).

MEK kinase assays. MEK kinase assays were performed basically as described
above, with 10 mM morpholinepropanesulfonic acid (pH 7.5)-12.5 mM B-glyc-
erophosphate-20 mM MgCl,—0.5 mM EGTA-0.5 mM sodium fluoride-0.5 mM
vanadate. Reactions were performed in a 100-pl volume containing 5 wCi of
[y-**P]ATP and 50 uM ATP by using glutathione S-transferase (GST) fusions
(0.5 pg) as substrates.

RSK kinase assays. RSK kinase assays were performed as previously described
(30). Briefly, HA-RSK2-transfected cells were lysed in 50 mM Tris (pH 8)-1 mM
EGTA-1 mM EDTA-150 mM NaCl-1% Nonidet P-40-200 uM vanadate-1 mM
phenylmethylsulfonyl fluoride-10 g of aprotinin per ml-10 wg of leupeptin per
ml. Lysates were immunoprecipitated with anti-HA antibody and immunocom-
plexed with gamma-bind Sepharose. Pellets were washed twice with lysis buffer
and once in kinase buffer (25 mM HEPES [pH 7.4], 5 mM B-glycerophosphate
[pH 7.4], 4 mM EGTA, 1.5 mM dithiothreitol, 30 mM MgCl,, 150 uM vanadate,
1 mM phenylmethylsulfonyl fluoride, 10 pg of aprotinin per ml, 10 pg of leu-
peptin per ml). Kinase reactions were performed for 40 min at 25°C in kinase
buffer with 5 pCi of [y->*P]JATP and 100 pM ATP with 0.5 pg of GST-Mytl as
the substrate.

cPLA, activation assay. The cPLA, activation assay was performed as de-
scribed in reference 47. Briefly, COS-7 cells were labeled by incubation with
[*H]arachidonic acid (ICN) (1p.Ci per well in a 24-well plate) for 18 h. Cells were
then washed twice with phosphate-buffered saline, and new medium (Dulbecco
modified Eagle medium, 1% fatty acid-free bovine serum albumin) was added.
Where indicated, cells were stimulated with EGF (100 ng/ml) for 30 min. Me-
dium was removed and centrifuged at 2,000 X g, and free, labeled arachidonic
acid released into the medium was measured by liquid scintillation counting.

32P metabolic labeling. 3P metabolic labeling was performed as described
previously (7).

Recombinant proteins. GST fusion proteins of kinase-inactive mutant forms of
ERK?2, p38, Mxi2, and MEK1 and of Elk1 and Myt1 were purified as previously
described (39) and used as substrates in kinase reactions as described above.

Immunoblotting and immunoprecipitations. Lysates were fractionated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto nitrocellulose filters. Immunocomplexes were visualized by ECL
detection (Amersham) with horseradish peroxidase-conjugated secondary anti-
bodies (Cappel). The antibodies used were mouse monoclonal anti-HA and
anti-AU5 (Babco), anti-phospho-Elkl (New England Biolabs), and anti-GST
and -phospho-ERK antibodies and rabbit polyclonal anti-MEK, -MKK3,
-MKK4, -MKK6, -ERK1/2, -Mxi2, and -p38 N terminus antibodies (Santa Cruz).
Immunoprecipitations were performed as described previously (7), with 20 mM
HEPES (pH 8)-2 mM MgCl,—2 mM EGTA-150 mM NaCl-2.5 mM 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) for MEK-
MAPK interactions or 1% NP-40 for interactions between MAPKs. Low-strin-
gency immunoprecipitations were performed as previously described (50), with a
buffer containing 150 mM NaCl, 20 mM Tris (pH 8.0), and 0.5% NP-40.
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FIG. 1. Time-dependent activation of Mxi2. 293T cells transfected
with HA-tagged Mxi2, ERK2, and p38 (1 pg) were starved for 12 h and
stimulated with 10 g of anisomycin (aniso) per ml for 20 min or with
EGF (100 ng/ml). At the indicated times (minutes), the phosphotrans-
fer activities in the immunoprecipitated kinases were determined by an
in vitro kinase assay with MBP as the substrate. ¢, control.

ERK-Mxi2 in vitro binding assays. ERK-Mxi2 in vitro binding assays were
performed basically as previously described (37). Briefly, histidine-tagged ERK2
was translated in vitro, labeled with [**S]methionine, and purified by standard
procedures. Increasing concentrations of radiolabeled ERK2 were incubated
with fixed concentrations (40 nmol) of GST, GST-Mxi2, or GST-p38 immobi-
lized in glutathione-Sepharose beads in 50 pl of binding buffer (50 mM HEPES
[pH 7.5], 100 mM NaCl, 5 mM MgCl, 0.1 mg of bovine serum albumin per ml)
for 1 h at room temperature. Beads were washed four times with HEPES (pH
7.5)-100 mM NaCl-5 mM MgCl,-0.1 mg of bovine serum albumin per m1-0.1%
Triton X-100. Afterwards, loading buffer was added and proteins were fraction-
ated by SDS-PAGE. Gels were dried, and the radiolabeled ERK band was
quantified with a phosphorimager.

Reporter gene assays. Reporter gene assays were performed as described
previously (39) with the reporter pGE51-luc and vectors encoding the transac-
tivation domains of Elk-1 (amino acids 307 to 428) (20) and HIF-1« (amino acids
531 to 826) (40) fused to the GAL4 DNA-binding domain. Luciferase activities
were determined with a commercial kit (Promega, Madison, Wis.) and normal-
ized to the B-galactosidase activity.

RESULTS

Mxi2 immunoprecipitates harbor a kinase activity activat-
able by EGF through Ras, Raf, and MEK. To gain a first
insight into Mxi2 regulation by mitogens, its activation kinetics
were investigated. It is well established that ERKs respond to
mitogens with an acute, almost immediate peak of activity.
Conversely, p38 MAPKSs are, in most cases, unresponsive to
mitogenic stimulation (32). To compare the Mxi2 activation
course with those of ERK2 and p38, 293T cells were trans-
fected with HA-tagged Mxi2, ERK2, and p38 and their activ-
ities were assayed at different time points after EGF stimula-
tion. The time course assays in cells expressing HA-ERK2
revealed potent ERK2 activation, reaching a maximum after 5
min and decreasing to basal levels after 30 min. On the other
hand, EGF failed to stimulate p38 activity (Fig. 1). Under
similar conditions, Mxi2 harbored a kinase activity readily ac-
tivatable by EGF that reached a peak between 1 and 5 min of
stimulation. The level of activation detected in HA-Mxi2 im-
munoprecipitates was, at its maximum, twofold weaker than
that exhibited by ERK2 but was more persistent, maintaining
>40% of its activity after 30 min (Fig. 1).

We next focused on identifying the proteins involved in the



VoL. 23, 2003

A B
127 o~ d
£33 g
o
10 o d’:é &8
§ MBP - - -
3 Mxi2
i WB: a HA s e ———
3
= GST-ATF2 e ——
p38
weana S
c - =
e 2 = £
z 4 z o
g 2 3 3
4 (4 @ o
EGF
c D
12 4 HEK 203T
B ERK2 o~ w
10 0 mxi2 b E T
. 334

Fold activation

6 . Mxiz

NIH 3T3

R
: 5 : § 2
= 8 ¢ %

e « £ &8
EGF

FIG. 2. Mediation of Mxi2 activation by the components of the
ERK pathway. (A) Effects of Ras GTPase dominant inhibitory mutant
forms on Mxi2 activation induced by EGF. Kinase activities in 293T
cells transfected with HA-Mxi2 and the indicated dominant inhibitory
mutant forms (250 ng) are shown. After starvation, the indicated cells
were stimulated with EGF (100 ng/ml) for 5 min. The data shown are
the average * the standard error of the mean of three independent
experiments, relative to the activity levels in control cells. (B) Effects of
activated Ras family GTPases on Mxi2. Kinase activities in cells trans-
fected with HA-Mxi2 or HA-p38 (1 pg) and the indicated GTPase (0.5
ng). (Bottom) Expression of HA-Mxi2 and HA-p38. (C) Effects of the
inhibition of the proteins composing the ERK pathway on Mxi2 acti-
vation induced by EGF. Cells were cotransfected with HA-tagged
Mxi2 or ERK2 and the indicated mutant forms (250 ng). Upon star-
vation and pretreatment for 30 min with 10 pM PD98059 where
indicated, cells were stimulated with EGF and kinase assays were
performed. The data shown are the average * the standard error of
the mean of three independent experiments, relative to the activity
levels in control cells. (D) Effects of the constitutive activation of the
components of the ERK pathway on Mxi2. Kinase activities in 293T or
NIH 3T3 cells cotransfected with HA-Mxi2 or HA-ERK2 and expres-
sion vectors (0.5 ng) encoding the indicated constructs. WB, Western
blot; ¢, control.

signaling pathway responsible for the EGF-induced kinase ac-
tivity detected in Mxi2. It is well established that the MAPK
cascades are originally regulated by GTPases of the Ras su-
perfamily (36). Accordingly, we studied which GTPases would
mediate Mxi2 mitogenic activation. Initially, we assayed the
ability of Ras GTPase dominant inhibitory mutant forms to
interfere with the activation of Mxi2. It was found that H-Ras
N17 reduced the EGF-induced activation of Mxi2 by 60% (Fig.
2A), while Rac, Rho, and Cdc42 inhibitory mutant forms,
otherwise capable of blocking JNK activation in COS-7 and
293T cells (5, 43; data not shown), were ineffective. This indi-
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cated that H-Ras was the main mediator in the activation of
Mxi2 by EGF. To extend this observation, we analyzed the
effects of activated mutant forms of H-Ras (V12), Rac-1, Rho
A, and Cdc42 (Q61L) on Mxi2. As shown in Fig. 2B, Mxi2
activity was largely unaffected by Rho and Cdc42, which are
capable of potently activating JNK (data not shown), but was
significantly stimulated by Ras and Rac. This pattern of acti-
vation differed from that exhibited by p38, which was activated
by Rho and Rac but was largely unaffected by Ras.

This result prompted us to examine whether other compo-
nents of the classical ERK pathway would also mediate Mxi2
activation. As before, we tested if the dominant negative mu-
tant forms Raf 301 and MEK1 A could block the effects of
EGF on the kinase activity detected in Mxi2 immunoprecipi-
tates. It was found that both Raf and MEK1 inhibitory mutant
forms diminished EGF-induced Mxi2 activity by over 50%), just
as potently as H-Ras N17. Likewise, MEKI1 inhibitor PD98059
was just as efficient (Fig. 2C). In agreement with these obser-
vations, constitutively active Raf BXB and MEK1 E were as
effective as Ras V12 in stimulating the kinase activity of HA-
Mxi2 in both 293T and NIH 3T3 cells (Fig. 2D), indicating that
activation of the ERK pathway leads to Mxi2 stimulation irre-
spective of the cell type. Overall, these results suggested that
the kinase activity detected in HA-Mxi2 immunoprecipitates
upon stimulation with EGF was regulated through Ras, Raf,
and MEK.

It was important to identify the dual-specificity MAPKKs
that regulated Mxi2 stimulation by mitogens. Once again, we
followed the dominant inhibitory mutant approach utilized
previously. HA-tagged interfering mutant forms of MEKI,
MKK3, MKK4, and MKK6 were transfected with AUS5-Mxi2,
and their effects on the activation of Mxi2 by EGF were ana-
lyzed. Even when expressed at similar levels (Fig. 3A, right
side), only the MEKI inhibitory mutant form could signifi-
cantly reduce the EGF-stimulated kinase activity in Mxi2 pre-
cipitates although a 25% drop in Mxi2 activity was also caused
by the MKKG6 inhibitory mutant form (Fig. 3A, left side). To
substantiate this point further, hyperactive forms of MKK3,
MKK4, MKK6, and MEK1 were tested for the ability to acti-
vate Mxi2. It was found that all four MAPKKSs could elicit
Mxi2 activation to similar extents. On the other hand, in the
same experimental setting, MEK1 could not stimulate p38
(Fig. 3B). Finally, we tested whether the isoforms MEK1 and
MEK?2 were capable of activating Mxi2 to the same degree.
Thus, HA-tagged, activated MEK1 S 218,222 D and MEK2 S
222,226 D were transfected with AUS5-Mxi2. Both isoforms
induced similar levels of Mxi2 activation, comparable to those
elicited by EGF (Fig. 3C). In all, we demonstrated that al-
though all MAPKKSs could activate Mxi2, the kinase activity
detected in Mxi2 immunoprecipitates upon EGF stimulation
was primarily mediated through MEK.

Mxi2 is not a substrate for MEK1. These results pointed to
MEK as the kinase responsible for the activation of Mxi2 upon
mitogenic stimulation. On the basis of this premise, we inves-
tigated the MEK-Mxi2 interaction in more depth. It is known
that under quiescent conditions, MEK is bound to ERK1/2
(16). By analogy, if Mxi2 were to be a substrate for MEK,
it could be found in association with this MAPKK. To test
this hypothesis, HA-tagged Mxi2, ERK2, and p38 were coex-
pressed with MEK1 and lysates from serum-starved cells were
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FIG. 3. MAPKKs as mediators of Mxi2 activation. (A) Effects of
MAPKK dominant inhibitory mutant forms on Mxi2 activation in-
duced by EGF. Cells were transfected with AUS5-tagged Mxi2 and the
indicated HA-tagged inhibitory mutant forms (250 ng). The indicated
cells were stimulated with EGF (100 ng/ml) for 5 min. The data shown
are the average = the standard error of the mean of three independent
experiments relative to the activity detected in control cells. (Right
side) Expression levels of the MAPKKSs in total lysates. (B) Activation
of Mxi2 by MAPKKs. Kinase activities in cells transfected with HA-
tagged Mxi2 or p38, together with the indicated MAPKKs (1 pg).
(Bottom) Expression levels of HA-Mxi2 and of the different MAPKKs.
(C) Activation of Mxi2 by constitutively active MEK isoforms. Kinase
activities detected in cells transfected with AU5-Mxi2 and activated,
HA-tagged MEK1 and -2 (1 pg) or stimulated with EGF. (Bottom)
Expression levels of AU5-Mxi2 and HA-MEKI and -2. WB, Western
blot; ¢, control; v, vector.

immunoprecipitated with anti-HA antibody to coprecipitate
MEKI1. Anti-MEK immunoblotting revealed that MEK1 co-
immunoprecipitated with ERK2, but it did not associate with
Mxi2 or with p38 (Fig. 4A). We then investigated if Mxi2 was
a substrate for MEK in vitro. Cells were transfected with HA-
tagged, activated MEK1 and MKK®6, and their ability to phos-
phorylate kinase-dead (K52R) Mxi2, ERK2, and p38 was
tested. As shown in Fig. 4B, MEK1 potently phosphorylated
ERK?2 but, in the same experimental setting, it did not recog-
nize Mxi2 as a substrate. On the other hand, Mxi2 was phos-
phorylated by MKKG6 just as efficiently as its bona fide sub-
strate, p38. A known feature of the interaction between MEK1
and ERK1/2 is that ERKS can retrophosphorylate MEK1 (2).
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To determine if a similar situation occurs with Mxi2, cells were
transfected with HA-tagged Mxi2 and ERK2 and stimulated
with EGF and their ability to phosphorylate kinase-dead
(K97R) MEKI1 was tested. It was found that while ERK2
readily phosphorylated MEK1, Mxi2 was incapable of cata-
lyzing any phosphotransfer onto MEKI1 (Fig. 4C). These re-
sults speak against the notion that Mxi2 is a substrate of MEK
and against the idea that a direct interaction between the two
kinases takes place.

The possibility existed that ERKs could phosphorylate Mxi2,
thereby facilitating its activation by, for example, MKK®6. In-
deed, Mxi2 possesses three (S/T)-P motifs, potential ERK
phosphorylation sites. To investigate this scenario, cells trans-
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FIG. 4. Interactions of Mxi2 with MEK1 and ERK2. (A) Coimmu-
noprecipitation of MEK with MAPKs. 293T cells were transfected with
1 g of HA-tagged Mxi2, ERK2, and p38. After 12 h of starvation,
anti-HA (HA) and preimmune (PI) immunoprecipitates were immu-
noblotted with anti-MEK. TL, total lysates. (B) Analysis of MEK
substrates. Kinase assays were performed with immunoprecipitated,
constitutively active, HA-tagged MEK1 and MKKG6 by using as sub-
strates equal amounts (0.5 wg; right side) of fusions of GST with Mxi2,
ERK?2, and p38 kinase-inactive mutant forms (DK). (C) Analysis of the
phosphorylation of MEK1 by Mxi2. Kinase assays of HA-tagged ERK2
and Mxi2 immunoprecipitated from cells treated with EGF for 5 min
by using as the substrate 0.5 pg of GST-MEK1 DK. (D) Analysis of the
phosphorylation of Mxi2 by ERK2. Kinase assays of HA-tagged ERK2
immunoprecipitated from cells stimulated with EGF for the indicated
times by using as substrates fusions of GST with Mxi2 DK and Elk1.
WB, Western blot.
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fected with HA-ERK2 were stimulated with EGF for 5 and 10
min and the phosphotransfer potential of ERK2 was tested on
its physiological substrate Elkl and on Mxi2 K52R. As shown
in Fig. 4D, ERK2 readily phosphorylated Elk1 but not Mxi2.
Overall, our data indicate that although the kinase activity in
Mzxi2 immunoprecipitates is activatable by the ERK pathway,
Mzxi2 cannot be activated by MEK or phosphorylated by
ERK2.

Mxi2 binds to ERK1/2. These results opened the possibility
that the EGF/ERK pathway-induced kinase activity harbored
in anti-Mxi2 precipitates was not due to Mxi2 performance but
rather was caused by the function of an unidentified kinase that
coimmunoprecipitated with Mxi2. To probe this hypothesis,
cells were transfected with HA-Mxi2 and *?P labeled in order
to detect proteins, present in anti-HA immunoprecipitates,
that incorporated *?P when stimulated with EGF or with
MEK]1 E. It was found that Mxi2 became phosphorylated in
stimulated cells. More interestingly, coprecipitating with Mxi2
was a 42- to 44-kDa protein that was also markedly phosphor-
ylated in cells treated with EGF and, more prominently, in
cells cotransfected with MEK1 E. This protein comigrated with
a phosphoprotein detected in anti-HA precipitates from cells
transfected with HA-ERK2 and treated with EGF (Fig. 5A)
that was likely to be ERK2. To ascertain its identity, we tested
whether Mxi2 could associate with phosphorylated ERKs.
Cells were transfected with HA-Mxi2 in order to coimmuno-
precipitate phosphorylated ERKs. Immunoblotting with anti-
phospho-ERK revealed the presence of phosphorylated ERKs
in anti-HA immunoprecipitates from cells cotransfected with
MEKI E or stimulated with EGF (Fig. 5B). Next, we investi-
gated how the Mxi2-ERKs interaction varied upon mitogenic
stimulation. For this purpose, HA-Mxi2-transfected cells were
serum starved and stimulated with EGF for different times,
after which anti-HA immunoprecipitates were probed for the
presence of ERKs. Interestingly, immunoblotting with anti-
ERK antibody revealed that ERKs coimmunoprecipitated with
Mzxi2, even under quiescent conditions. Moreover, the amount
of ERKSs associated with Mxi2 did not vary significantly upon
stimulation with EGF (Fig. 5C). This interaction between Mxi2
and ERKSs was specific, as under the same conditions, neither
JNK nor p38 was found to coimmunoprecipitate with Mxi2
(Fig. 5C). In the same fashion, no ERKSs could be detected in
anti-HA immunoprecipitates from cells transfected with HA-
p38 and subjected to the same treatment (data not shown). To
determine if Mxi2 could interact with both ERK isoforms,
Mxi2 was cotransfected with HA-ERK1 and HA-ERK?2 and its
presence in anti-HA immunoprecipitates was examined by an-
ti-Mxi2 immunoblotting. As shown in Fig. 5D, Mxi2 was found
to coprecipitate with ERK1 and ERK2 with similar efficiencies
under both stimulated and serum-starved conditions.

It was essential to elucidate whether the interaction between
Mxi2 and ERKs occurred in a physiological environment and
that it was not an artifactual association due to ectopic over-
expression. Mxi2 is mainly expressed in renal distal tubules
(11); thus, the interaction between endogenous ERKs and
Mxi2 was investigated in rat kidney extracts. Despite its low
expression levels, Mxi2 was clearly detected in anti-ERK im-
munoprecipitates (Fig. 5E). Identical results were obtained
with kidney extracts from mice and rabbits (data not shown),
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FIG. 5. Association of ERK1 and -2 with Mxi2. (A) Detection of
phosphoproteins in Mxi2 immunoprecipitates (IP). 293T cells trans-
fected with HA-ERK2 or HA-Mxi2 and MEKIE (1 pg) were labeled
with 3P and stimulated with EGF (100 ng/ml) for 5 min where indi-
cated. After anti-HA immunoprecipitation, phosphoproteins were de-
tected in dried gels. The positions of Mxi2 and ERKSs are indicated. (B)
Detection of phosphorylated ERKs in association with Mxi2. Cells
transfected with HA-Mxi2 and stimulated with cotransfected MEKI1E
or with EGF for 5 min were probed for phospho-ERK in anti-HA
immunoprecipitates and their respective total lysates (TL). (C) Asso-
ciation of MAPKs with Mxi2. Cells transfected with HA-Mxi2 were
stimulated with EGF for the indicated times, and anti-HA and preim-
mune (PI) immunoprecipitates were probed for ERK, JNK, and p38.
(Bottom) Expression of immunoprecipitated HA-Mxi2. (D) Associa-
tion of Mxi2 with ERK1 and -2. Cells transfected with HA-ERK1 and -2,
in addition to AU5-Mxi2, were stimulated with cotransfected MEK1E
or EGF for 5 min and anti-HA and preimmune immunoprecipitates,
and their respective total lysates were probed for Mxi2. (E) Associa-
tion of Mxi2 with ERKSs in rat kidney. Lysates from homogenized
kidneys (KL) were immunoprecipitated with anti-ERK or preimmune
antibodies and probed for coimmunoprecipitating Mxi2. Total lysate
from Mxi2-transfected 293T cells was run alongside as a control. (F)
Affinity of ERK2 binding to Mxi2. Increasing concentrations of [**S]
methionine-labeled ERK2 were allowed to bind in vitro to GST-Mxi2
(open squares) or to GST-p38 (black circles) bound to glutathione-
Sepharose beads. Beads were washed, bound proteins were electro-
phoresed by SDS-PAGE, and bound ERK2 was counted by phosphor-
imager. The data shown are the average *+ the standard error of the
mean of three independent experiments. WB, Western blot; ¢, control.

thereby demonstrating that the interaction between Mxi2 and
ERKSs was physiological and widespread among species.

It was important to acquire some notion of the strength of
the interaction between Mxi2 and ERK. For this purpose, the
association between Mxi2 and ERK2 was studied in vitro.
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Increasing amounts of ERK2 labeled with [**S]methionine
were allowed to bind to either GST-Mxi2 or GST-p38, and the
bound ERK2 was recovered by affinity pulldown, resolved by
SDS-PAGE, and quantified. As shown in Fig. 5F, the amount
of ERK2 binding to Mxi2 saturated at ~40 nM and half-
maximal binding was achieved at ~20 nM, which gives an
approximate estimate of ERK2-Mxi2 binding affinity. In com-
parison, ERK2 exhibited a reduced affinity for p38. ERK2
binding to p38 saturated at ~160 nM, with half-maximal bind-
ing at ~80 nM, demonstrating that ERK2 displays an affinity
for Mxi2 at least fourfold greater than for p38. These assays
were performed at an ionic strength close to physiological
levels. No significant binding of ERK2 to GST was detected
(data not shown). Overall, our results strongly indicated that
Mxi2 directly interacted in vitro, in vivo, and physiologically
with ERK1/2.

Mzxi2 sustains ERK phosphorylation levels. It was of special
interest to investigate the existence of changes in ERK1/2
activation and/or functions caused by the interaction with
Mxi2. First, we tested whether Mxi2 could have an influence on
the activation of ERK brought about by its natural activator,
MEKI1. For this purpose, ERK2 activity was determined in
anti-HA immunoprecipitates from cells transfected with vector
and MEKI1 E, with or without Mxi2. It was found that in the
presence of Mxi2, MEK-induced ERK2 activation was mark-
edly potentiated (Fig. 6A). Furthermore, ERK2 activation also
appeared to be slightly higher in those vector-transfected cells
that had been cotransfected with Mxi2. Accordingly, we asked
if Mxi2 could enhance ERK basal activity. Cells were trans-
fected with HA-ERK2 with or without Mxi2, and after starva-
tion for 18 h, ERK kinase activity was determined in the
absence of any further stimulus. As shown in Fig. 6B, after
prolonged exposure of the films, it became apparent that in the
presence of Mxi2, ERK2 basal activity was significantly aug-
mented. The hallmark of ERK activation is its phosphoryla-
tion. Therefore, in light of the above data, we explored whether
Mxi2 could alter the phosphorylation status of ERK2 induced
by mitogenic stimulation. Cells were transfected with HA-
ERK2 and increasing amounts of Mxi2, and the changes in
phospho-ERK levels upon EGF stimulation were analyzed in
anti-HA immunoprecipitates. Surprisingly, as shown in Fig.
6C, EGF-induced phosphorylation of ERK2 was not signifi-
cantly altered by Mxi2.

It is well established that ERK inactivation occurs through
the action of phosphatases, which gradually dephosphorylate
the activated ERK pool back to a resting state (21). Thus, we
examined if Mxi2 effects on ERK activation could be explained
by Mxi2 affecting the ERK inactivation rate. The phosphory-
lation of ERKs was determined at different time points after an
EGEF pulse in the presence or absence of AUS5-Mxi2. The levels
of phosphorylated ERKs dropped gradually from 30 min to
5 h, but surprisingly, the levels of phospho-ERK in cells ex-
pressing Mxi2 were significantly higher than those found in
vector-transfected cells throughout the complete dephosphor-
ylation course (Fig. 6D), suggesting that Mxi2 somehow im-
paired ERK deactivation. We then tested if this effect on ERK
dephosphorylation was dependent on Mxi2 kinase activity. The
amounts of phospho-ERK remaining after 2 and 5 h of EGF
treatment were compared in cells transfected with wild-type
Mzxi2 or with Mxi2 K52R. Interestingly, the levels of phospho-
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FIG. 6. Effects of Mxi2 on ERK phosphorylation and activation
levels. (A) Effects of Mxi2 on the activation of ERK2 by MEK. 293T
cells were transfected with HA-ERK2 cotransfected with vector or
with MEKIE (1 pg) in the presence (+) or absence (—) of Mxi2 (1
wg). Phosphorylated MBP (p-MBP) levels indicate ERK activity levels.
(Bottom) Expression levels of MEK and Mxi2. (B) Effect of Mxi2 on
ERK?2 basal activity levels. Cells were transfected with HA-ERK2 (1
pg) in the presence (+) or absence (—) of Mxi2 (1 ng). After 18 h of
starvation, ERK kinase activity was determined as described previ-
ously. Phospho-MBP levels became apparent after prolonged exposure
at —70°C. (Bottom) Expression levels of HA-ERK2 and Mxi2. (C)
Effects of Mxi2 on EGF-induced phosphorylation of ERK2. Cells
transfected with HA-ERK2 (1 pg) and increasing amounts of Mxi2 (2
and 5 pg) were stimulated with EGF for 5 min and probed for phos-
pho-ERK in anti-HA immunoprecipitates. (Bottom) Levels of immu-
noprecipitated HA-ERK2. (D) Effects of Mxi2 on the dephosphoryla-
tion rate of ERK2. Cells were transfected with (+) or without (—)
AUS5-Mxi2 and stimulated with EGF (100 ng/ml), and phospho-ERK
levels in total lysates were examined at the indicated times. (Bottom)
Expression of ERK1/2 and AUS5-Mxi2. (E) Effects of Mxi2 dead kinase
(DK) on ERK2 dephosphorylation. Cells transfected with the indi-
cated constructs were stimulated with EGF, and phospho-ERK levels
were determined after 2 and 5 h. (Bottom) Expression of p38 proteins
detected by immunoblotting with anti-p38 N terminus antibody. WB,
Western blot; ¢, control.

ERK were similar in both cases (Fig. 6E), indicating that the
effect of Mxi2 on ERK inactivation was independent of its
kinase activity. On the other hand, this protective effect was
specific for Mxi2 as, under the same conditions, the overex-
pression of p38 failed to sustain phospho-ERK levels, which
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were even lower than those found in control cells (Fig. 6E).
These data suggested that the inactivation of ERKs is pro-
foundly influenced by its interaction with Mxi2, resulting in
down-regulation of its dephosphorylation rate.

Mxi2 requires its C terminus for binding to ERK and main-
tenance of ERK phosphorylation levels. The data indicating
that, in our experimental model, p38 could not bind to ERK or
sustain ERK phosphorylation levels suggested that, in Mxi2,
the determinant(s) responsible for these effects should reside
within its unique 17 C-terminal amino acids. To probe this
hypothesis, we generated an Mxi2 mutant form in which the
unique C terminus was deleted (Mxi2 A17C). We then tested
whether this mutant form was capable of binding to ERKs.
293T cells were transfected with HA-tagged Mxi2 A17C, and
the presence of ERKs in anti-HA immunoprecipitates was
assayed. As shown in Fig. 7A, no ERKSs were found to coim-
munoprecipitate with Mxi2 A17C, either under basal condi-
tions or upon stimulation with EGF or MEKI. To further
prove this point, we made use of another Mxi2 mutant form in
which the C terminus was significantly distorted. Mxi2 WI was
the result of random mutagenesis, C-terminal M 296 and I 297
were deleted, and in addition, it harbored the substitutions L
294 W and V 295 1. In agreement with our previous result, it
was found that Mxi2 WI could not coimmunoprecipitate with
ERKSs in the same setting in which ERKs could effectively
associate with wild-type Mxi2 (Fig. 7B), thereby demonstrating
that the C terminus of Mxi2 is directly involved in high-affinity
binding to ERKSs.

In light of this finding, we moved on to determine if the
binding of Mxi2 to ERKSs is an important part of the mecha-
nism by which Mxi2 sustains ERK phosphorylation levels. The
amounts of phospho-ERK remaining after 2 h of EGF treat-
ment were compared in cells transfected with wild-type Mxi2,
Mxi2 A17C, and Mxi2 WI. As shown in Fig. 7C, only wild-type
Mzxi2 was capable of sustaining the levels of phosphorylated
ERKSs. Phospho-ERK levels present in wild-type Mxi2-trans-
fected cells were significantly higher than those found in cells
transfected with Mxi2 A17C or Mxi2 WI, in which the levels of
phosphorylated ERKs were very similar to those found in
control cells. Therefore, these results clearly indicated that
Mxi2 requires its C terminus for binding to ERK and that Mxi2
binding to ERKSs is critical to the mechanism by which ERK
phosphorylation levels are sustained.

Mxi2 potentiates the functions of ERKSs in the nucleus. Our
final goal was to determine the functional consequences of the
sustained activation of ERKs caused by Mxi2. Once activated,
ERKSs translocate to the nucleus, where they phosphorylate
diverse transcription factors, thereby inducing their transacti-
vation potential over their cognate responsive elements (32).
Among these, Elk1 sensitivity to stimulation by ERKs is well
documented (46). Accordingly, we utilized the response of a
GALA4-Elk1-dependent luciferase reporter to study the effects
of Mxi2 on an ERK-induced event. Expression of MEK1 E
induced an increase of >10-fold in Elkl-dependent luciferase
activity (Fig. 8A, left side). Transactivation of Elk1 by MEK1
was significantly enhanced when it was coexpressed with ERK2
but not when it was coexpressed with p38. More interestingly,
when MEKI1 E was coexpressed with Mxi2, they acted syner-
gistically to induce an up to 55-fold increase in Elk1-dependent
gene expression. Mxi2 K52R (DK) had effects identical to
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FIG. 7. Effects of Mxi2 on ERKs require the C terminus of Mxi2.
(A) ERKs cannot bind to a deletion mutant form of Mxi2 lacking the
C terminus. 293T cells were transfected with HA-Mxi2 A17C (1 ng)
and stimulated with EGF (100 ng/ml) for 5 min or with cotransfected
MEKI1 E where indicated. Anti-HA immunoprecipitates (IP) and their
respective total lysates (TL) were probed for the presence of ERK.
(Bottom) Levels of HA-Mxi2 A17C protein. The position of HA-Mxi2
A17C is indicated. The asterisk shows the remaining anti-ERK signal
from the previous blot. (B) ERKSs cannot bind to the Mxi2 WI mutant
form. Cells were transfected with HA-Mxi2 or with HA-Mxi2 WI (1
ng). Lysates were immunoprecipitated with an anti-HA antibody or
with preimmune (PI) serum and probed for associated ERK. (Bottom)
Expression of the HA-tagged proteins. (C) Effect of the mutant form
of Mxi2 lacking the C terminus on ERK2 dephosphorylation. Cells
transfected with the indicated constructs (1 wg) were stimulated with
EGF (100 ng/ml), and phospho-ERK levels were determined after 2 h.
(Bottom) Total ERK protein levels and expression of the Mxi2 HA-
tagged proteins detected by anti-ERK and anti-HA immunoblotting,
respectively. WB, Western blot; ¢, control.

those exhibited by wild-type Mxi2. Moreover, this synergistic
effect of MEK1 and Mxi2 was entirely dependent on ERKs
being functional, as cotransfection with an ERK2 dominant
inhibitory mutant form (K52R) completely blocked the Elk1
response. On the other hand, Mxi2 failed to elicit significant
stimulation of Elk1 in synergy with MKK®6. These results were
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FIG. 8. Regulation of ERK-dependent nuclear events by Mxi2. (A,
left side) Effects of Mxi2 on Elkl-dependent gene expression. Elkl
transactivation was examined in NIH 3T3 cells cotransfected with
GALA4-Elkl (TAD) and the indicated plasmids. ERKs were HA tagged;
p38 and Mxi2s were AUS tagged (Mx + DK = Mxi2 + ERK2 DK).
The results shown are the average =+ the standard error of the mean of
at least five independent experiments. (Bottom) Expression levels of
the different kinases. (Right side) Effects of Mxi2 on Elkltransactiva-
tion induced by EGF in 293T cells. The results shown are the average
+ the standard error of the mean of three independent experiments. In
both parts, values are expressed relative to the activity detected in
vector-transfected cells. Luciferase activities were normalized to the
B-galactosidase activity. (B) Effect of Mxi2 on Elk1 phosphorylation.
293T cells were transfected with HA-Elk1 with (+) or without (—)
AUS5-Mxi2 and stimulated with cotransfected MEKI1E or with EGF
(100 ng/ml) for 20 min, 2 h, and 5 h as shown. Phospho-Elk1 levels
were determined by immunoblotting. (Bottom) Expression of HA-
Elk1. (C) Effects of Mxi2 on HIFla-dependent expression. HIF1la
transactivation was determined in NIH 3T3 cells cotransfected with
GAL4-HIF1a (TAD) and the indicated plasmids. Luciferase activities
were normalized to the B-galactosidase activity. Values are expressed
relative to the activity detected in vector-transfected cells. The results
are the average = the standard error of the mean of three independent
experiments. WB, Western blot; c, control.

not due to changes in the protein levels of the different kinases
utilized, as variations in their respective expression levels at
each experimental point were insignificant (Fig. 8A, bottom).

A similar situation was observed when we tested the effects
of Mxi2 on the activation of Elkl-mediated gene expression
triggered by a physiological stimulus. As shown in Fig. 8A,
right side, treatment of 293T cells with EGF resulted in signif-
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icant stimulation of Elk1 transcriptional activity. In the pres-
ence of Mxi2, EGF-induced EIK1 transactivation was cooper-
atively enhanced up to 35-fold over basal values. Mxi2-induced
dramatic up-regulation of Elk1 did not directly correlate with
an increase in Elkl phosphorylation, as phosphorylation of
Elk1 induced by transfection of MEK1 or by stimulation with
EGF was only slightly altered by coexpression of Mxi2 (Fig.
8B). On the other hand, Elkl remained in a phosphorylated
state for a longer time. As shown in Fig. 8B, 2 and 5 h after the
EGF pulse, phosphorylated Elk1 was still detectable in Mxi2-
transfected cells but not in those that lacked Mxi2.

It was of interest to verify whether the observed effect of
Mxi2 on ERK-mediated Elk1 transactivation was restricted to
this transcription factor or, contrarily, the presence of Mxi2
had the same outcome on other ERK nuclear substrates. To
test this point, we looked at the effects of Mxi2 on the activa-
tion of another ERK-responsive transcription factor, hypoxia-
inducible factor 1o (HIF1a), that has been previously shown to
be readily phosphorylated and activated by ERKs (40). As
before, we utilized a GAL4-HIF1a chimera that was found to
be stably expressed in the nucleus (data not shown). Mxi2
alone caused a small (fourfold), although reproducible, trans-
activation of HIFla (Fig. 8C). On the other hand, MEK1 E
was capable of inducing a strong response of HIFla, up to
20-fold over basal values. Upon cotransfection with Mxi2,
MEKI1 E and Mxi2 synergistically elevated HIF1a transactiva-
tion up to 60-fold, thereby demonstrating that Mxi2 had iden-
tical effects on two different ERK nuclear substrates. Summa-
rizing, these data indicated that the interaction of ERK1/2 with
Mxi2 had direct consequences for ERK nuclear functions.

Mxi2 has no effects on the activation of ERK cytoplasmic
substrates. Since ERKs have multiple substrates in different
cellular locations (32), we investigated whether the Mxi2 up-
regulatory effect on ERK functions would be restricted to
nuclear events or, on the other hand, it would be a generalized
phenomenon regardless of the cellular site where the activa-
tion takes place. Thus, we examined the effects of Mxi2 on the
activation of RSK2, a kinase that is predominantly activated in
the cytoplasm by ERKs (15). HA-RSK2 was cotransfected with
MEKI1 E in the presence or absence of Mxi2. It was found that
RSK2 activity stimulated by MEK1 was unaffected by Mxi2
(Fig. 9A). The same lack of effect was observed for an acute
stimulus like EGF when RSK2 activation was analyzed at dif-
ferent time points after stimulation by comparing cells express-
ing Mxi2 with control cells (Fig. 9B).

Since ERK-mediated RSK2 activation was unaffected by
Mxi2, we then looked at whether this lack of response was a
peculiarity of RSK2 or, rather, a characteristic of ERK-Mxi2
interaction in the cytoplasm, regardless of which substrate
ERK is acting upon. To verify this point, we tested the effects
of Mxi2 on the activation of another ERK cytoplasmic sub-
strate. Cytoplasmic phospholipase A, (cPLA,) is activated by a
wide variety of growth factors, including EGF (24). In most
cases, CPLA, activation is mediated by ERKs, which have been
shown to directly phosphorylate and activate cPLA, (25).
Therefore, we tested whether Mxi2 would affect the activation
of cPLA, mediated by ERKs. cPLA, catalyzes the release of
arachidonic acid from cellular phospholipids (19). In the ab-
sence of a stimulus, little release of labeled arachidonic acid to
the medium was observed. However, in cells that had been
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FIG. 9. Effect of Mxi2 on the activation of ERK cytoplasmic sub-
strates. (A) Effect of Mxi2 on MEK-induced activation of RSK2. RSK2
kinase activities with GST-Myt1 as the substrate in 293T cells trans-
fected with MEKI1E with (+) or without (—) AUS5-Mxi2 in addition to
HA-RSK2. (Bottom) Expression of HA-RSK2 and p38 proteins. (B)
Effect of Mxi2 on the long-term activation of RSK2 induced by EGF.
Cells were transfected with (+) or without (—) AUS-Mxi2 and stim-
ulated with EGF (100 ng/ml), and RSK2 activation levels were deter-
mined after the indicated times. (Middle) Expression of HA-RSK2 in
total lysates. (Bottom) AUS-Mxi2 expression levels. (C) Effect of Mxi2
on the activation of cPLA,. Arachidonic acid release was measured in
293T cells labeled with [*H]arachidonic acid previously transfected
with MEKIE or stimulated for 30 min with EGF in the presence or
absence of transfected Mxi2 as indicated. The data shown are the
average * the standard error of the mean of three independent ex-
periments expressed relative to the values found in unstimulated, vec-
tor-transfected cells. WB, Western blot; ¢, control.

transfected with MEK1 E, the release of arachidonic acid was
augmented almost fourfold. Stimulation with EGF also in-
duced cPLA, activation by more than sixfold relative to that of
unstimulated cells (Fig. 9C), but in neither case did the co-
transfection of Mxi2 result in significant changes, despite the
fact that Mxi2 was well expressed (data not shown), thereby
demonstrating that Mxi2 does not affect the activation of
cPLA, brought about by ERKs. Overall, our results show that
down-regulation of the ERK dephosphorylation rate caused by
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the interaction with Mxi2 had functional consequences for
ERK nuclear events but did not alter the effects of ERKs at
other cellular locations, like the cytoplasm.

DISCUSSION

In this study, we have investigated the sensitivity of Mxi2 to
mitogens. We report that Mxi2 immunoprecipitates harbor a
kinase activity that is stimulated by EGF. Compared to ERK
activation, this kinase activity is weaker in magnitude but is
more sustained in time, as 40% of its intensity remains 30 min
after stimulation. On the other hand, we show that activation
of p38 by EGF is minimal, in agreement with previous results
(33). p38 can be activated by other mitogenic stimuli, like
fibroblast growth factor (26), and plays a relevant role in di-
verse mitogenic processes, such as myocyte hypertrophy (44)
and myeloid (13) and T-cell (6) proliferation. Thus, the exis-
tence of a p38 isoform with a marked function under mitogenic
stimulation would be in line with the role of p38 in some
proliferative situations.

Focusing on the components of the cascade that conveys the
mitogenic signal to Mxi2, we show that the EGF-induced ac-
tivity detected in Mxi2 precipitates is regulated mainly by Ras
and not by Rho, Rac, or Cdc42. Although Rac can activate
Mxi2, the fact that Mxi2 stimulation by EGF is unaffected by a
Rac inhibitory mutant form suggests that Rac may have a role
in Mxi2 activation, probably by stress stimuli, by analogy with
other p38 members. On the other hand, Ras can mediate the
activation of p38 by diverse mitogenic (4, 10, 28, 35) and stress
(31) stimuli. The fact that, under some circumstances, p38 can
be activated by Ras supports the notion of an isoform specially
responsive to Ras-mediated signals. While the mechanisms
whereby Ras activates p38 remain elusive, in the case of the
kinase activity present in Mxi2 immunoprecipitates, we show
that it is activated through the canonical ERK pathway com-
prising Ras, Raf, and MEK.

It is known that p38 isoforms are mainly activated by MKK3,
MKKG®6, and MKK4 (32). The kinase activity harbored in Mxi2
is responsive to these three MAPKKSs, resembling the behavior
of p38. In addition, our results indicate that Mxi2 can be
activated by MEKI1 and -2. However, our data obtained with
the inhibitory mutant forms of these MAPKKSs indicate that
the stimulation of Mxi2 by EGF is essentially conveyed
through MEK, although an MKK6-regulated minor compo-
nent is also apparent. This may indicate that MKK3, -4 and -6
mediate the activation of Mxi2 by the stress-stimulated p38
MAPK module. In light of these results, it could be anticipated
that MEK should be the kinase responsible for phosphorylat-
ing Mxi2. However, we show that MEK does not coimmuno-
precipitate with Mxi2. Even though stable association between
MEK and its potential substrates may not be an essential
requisite, since ERK mutant forms defective for MEK binding
can still be phosphorylated by it (9), this result speaks against
the idea that Mxi2 is a good substrate for MEK. This concept
is strengthened by our data showing that MEK1 failed to phos-
phorylate Mxi2 in vitro. On the other hand, in our **P labeling
experiments, phosphorylated Mxi2 appeared in response to
EGF and MEKI1 stimulation. In the case of EGF, this could be
attributed mainly to the MKK6 component, which is capable of
phosphorylating Mxi2 in vitro. The fact that MEK1 can also



3088 SANZ-MORENO ET AL.

phosphorylate Mxi2 opens the possibility that, in vivo, some
unidentified scaffold protein could make low-affinity phosphor-
ylation of Mxi2 possible. This situation would not be unprec-
edented, as MEK can activate p38 under certain circumstances
(4,29). In any case, the levels of Mxi2 phosphorylation induced
by MEK are 10-fold weaker than those detected on the phos-
phoprotein coimmunoprecipitating with Mxi2, which we have
identified as ERK1/2, further demonstrating that Mxi2 is a
poor substrate for MEK.

We make evident that ERK1 and -2 can directly associate
with Mxi2. Importantly, we have found endogenous Mxi2 and
ERKSs to coimmunoprecipitate in a physiologically relevant
environment like the kidney. This situation is reflected by ec-
topic expression, as we have detected ERK1/2 in Mxi2 immu-
noprecipitates and vice versa. Furthermore, ERK-Mxi2 inter-
action is independent of the activation status of ERKSs, since it
is equally detected under quiescent and EGF or MEK-stimu-
lated conditions. This association does not imply transphos-
phorylation between the two kinases, as we demonstrate that,
in vitro, Mxi2 is not a substrate for ERK2. Likewise, Mxi2
cannot catalyze phosphotransfer onto ERK2 (our unpublished
results). The interaction with Mxi2 appears to be specific for
ERKSs, as neither JNK nor p38 coimmunoprecipitated with
Mzxi2. Moreover, our results suggest that Mxi2 binds to ERKs
with more efficiency than its splice isoform p38. In our exper-
imental setting, we have not detected any ERKs coimmuno-
precipitating with p38. This may seem to contradict a recent
report in which an association between p38 and ERK1/2 was
shown (50). However, by using the experimental conditions
used in that study, a low-stringency lysis buffer, we have been
able to reproduce the reported association between p38 and
ERKSs (unpublished results). This could indicate that the in-
teraction between Mxi2 and ERKS is of a greater affinity than
that between p38 and ERKs. Indeed, our in vitro binding
experiments demonstrate that Mxi2 binds to ERK2 with four-
fold greater affinity than does p38, thus implying that the de-
terminant(s) for high-affinity binding must reside within the
unique C terminus of Mxi2. In agreement, we show that dele-
tion or distortion of the C terminus of Mxi2 severely compro-
mises the ability of Mxi2 to bind to ERKSs. In this respect, it is
noteworthy that the C terminus of Mxi2 exhibits 46% homol-
ogy to residues 292 to 304 of ERK2 (49). A detailed study of
the determinant(s) within the C terminus of Mxi2 responsible
for binding to ERKSs is under investigation.

Having Mxi2 and ERK in association raises the question of
which of the two kinases responds to which stimuli. Since MEK
cannot efficiently phosphorylate Mxi2, it is likely that the ki-
nase activity induced by mitogenic stimuli, driven through the
Ras-Raf-MEK pathway, is mainly due to ERK function and
not to Mxi2. On the other hand, stimuli such as anisomycin and
the components of stress-stimulated MAPK modules would
preferentially induce Mxi2 activity but not ERKs. Indeed, in
vitro, we have shown MKK®6 to potently phosphorylate Mxi2.
In support of this assumption, our findings from in-gel kinase
assays indicate that stimulation with MEK results in myelin
basic protein (MBP) phosphorylation at the level of ERK1/2
but none colocalizing with Mxi2. Conversely, upon stimulation
with MKKG6, phosphorylated MBP is detected comigrating with
Mxi2 and not with ERKSs (our unpublished results).

We report that interaction of Mxi2 with ERK1/2 has pro-
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found consequences for ERK activation. Mxi2 potentiates
ERK?2 stimulation brought about by activated MEK, but this
effect cannot be explained by an augmentation of ERK phos-
phorylation levels, as Mxi2 does not significantly affect the
phosphorylation of ERKSs upon stimulation with EGF. On the
other hand, it is in agreement with our results indicating that
Mxi2 down-regulates the ERK inactivation rate, sustaining the
ERK phosphorylated state for >5 h, an effect consistent with
the long-lasting kinase activity detected in Mxi2 immunopre-
cipitates after EGF stimulation that, in light of our results,
should be attributed to the function of the associated ERKs.
Rather than fixing ERKSs in a perpetually phosphorylated state,
constitutively active MEK maintains ERK in constant activity
by keeping it in a continuous phosphorylation-dephosphoryla-
tion cycle. Thus, it is conceivable that a reduction of the rate of
the dephosphorylation process, brought about by Mxi2, results
in an overall enhancement of ERK activation. Interestingly, we
have found that the effect of Mxi2 on ERK dephosphorylation
is independent of its kinase activity, as kinase-inactive Mxi2 is
identically capable of protecting against ERK deactivation.
Moreover, we show that binding of Mxi2 to ERKs is critical to
the mechanism by which ERK phosphorylation levels are sus-
tained. Furthermore, this effect is isoform specific, since p38
fails to counteract ERK dephosphorylation. Once again, this
may reflect the lower binding affinity of p38 for ERKs.

It could be hypothesized that to exert its effect against ERK
dephosphorylation, Mxi2 would interfere with the phospha-
tase(s) responsible for deactivating ERKs. Binding of Mxi2 to
ERKS could pose a steric hindrance, impairing ERK recogni-
tion by phosphatases. Since Mxi2 does not affect the phosphor-
ylation of ERKs by MEK or the interaction of ERKs with its
substrate Elk1, this would eliminate Mxi2 interference with the
binding to a docking domain common to all ERK-interacting
proteins, like the CD domain (42). Thus, Mxi2 could impede
contacts specific for ERK-phosphatases interactions. In this
respect, we demonstrate that Mxi2 enhances ERK2 basal ac-
tivity, something that speaks in favor of Mxi2 interfering with
the dephosphorylation processes that function to maintain
ERKSs in an inactive state, even under conditions of minimal
stimulation. A second possibility is based on our observation
that MEK is not phosphorylated by Mxi2 immunoprecipitates,
despite the presence of active ERKs. It is conceivable that
Mzxi2 could somehow interfere with MEK retrophosphoryla-
tion by ERKSs, something that would hinder the negative feed-
back control of MEK exerted by ERKs (2), resulting in pro-
longed MEK activity. These two scenarios are not mutually
exclusive and could both contribute to some extent to the
maintenance of ERK2 phosphorylation levels, something that
is currently under investigation.

Mxi2 binding to ERKs has remarkable consequences for
ERK functions. We demonstrate that Mxi2 dramatically up-
regulates the transactivation of an Elkl-responsive gene in-
duced by MEK and by EGF. This outcome is independent of
Mxi2 kinase activity, as Mxi2 K52R has identical effects, con-
sistent with our results described above. Furthermore, the ef-
fect of Mxi2 on EIk1 transactivation is mediated through the
ERK pathway and is entirely dependent on ERK being func-
tional. Mxi2 fails to significantly activate Elk1 transcriptional
activity when acting alone or in combination with MKK6. In
agreement, our previous results demonstrate that Elk1 is a
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poor substrate for Mxi2 (39). Moreover, an ERK?2 inhibitory
mutant form completely blocks the synergistic stimulation of
Elk1 by MEK-Mxi2. The enhanced Elk1-dependent transcrip-
tion cannot be primarily due to an incremental increase in the
levels of phosphorylated Elk1, as we show that effects of Mxi2
on Elkl phosphorylation induced by MEK or EGF are, at
most, small. Thus, the most likely explanation is that the sus-
tained activity of ERKs caused by Mxi2 results in a more
persistent activation of Elkl. In fact, we demonstrate that,
upon stimulation with EGF, the time interval in which EIk1 is
found in a phosphorylated state is significantly prolonged in
the presence of Mxi2. We also demonstrate that a synergistic
up-regulation of its transcriptional activity is not a unique
response of Elk1 to Mxi2, since another ERK-responsive tran-
scription factor, HIF1a, responds in an identical fashion to the
collective action of Mxi2 and MEK. Surprisingly, the potenti-
ating effect of Mxi2 on ERK functions is restricted to nuclear
events such as the activation of transcription factors. In line
with this, we demonstrate that the presence of Mxi2 has no
consequences for ERK-mediated cytoplasmic episodes like the
activation of RSK2 or of cPLA, induced by both MEK and
EGF. This is consistent with our observations, to be reported
elsewhere, that a considerable proportion of Mxi2 has a nu-
clear localization.

In summary, our results identify an isoform with unique
functions among p38 MAPKSs. It is well documented that
ERKSs and p38 MAPKs have opposing effects in diverse bio-
logical (32) and biochemical (50) processes. By contrast, we
demonstrate that Mxi2 is capable of potentiating ERK func-
tions. More interestingly, the effects of Mxi2 are site specific,
apparently restricted to nuclear events. In light of our findings,
it is conceivable that Mxi2, by enhancing ERK functions in the
nucleus, could alter the relative contributions of the signals
generated by ERK at the different cellular sites. Furthermore,
it is well known that sustained versus transient ERK signals
have completely different biochemical and biological responses
(27). Thus, it can be anticipated that, as a result of its ability to
prolong the activation of ERKs in the nucleus, Mxi2 could
cause profound changes in ERK-mediated processes.

The biological results of stimuli that switch on multiple
MAPK pathways are a consequence of the integration of the
signals transduced by each individual route. One way to fine
tune such a complex process is through regulatory cross talk
between the different MAPK modules. Many such interactions
have been described thus far, most of which take place among
components upstream of MAPKs (32). Herein, we describe a
novel type of regulatory cross talk that occurs through the
direct interaction between two MAPKs. A similar interaction
has been previously described for p38 (50), albeit with oppos-
ing effects. It is intriguing how two almost identical molecules
can exert antagonistic effects upon binding to ERKs. One pos-
sible explanation is that p38 binds to ERKSs in such a way that
it sterically blocks ERK phosphorylation by MEK1, as dis-
cussed by Zhang et al. (50). On the other hand, binding of the
unique high-affinity C terminus of Mxi2 could reposition the
bulk of the molecule so that it no longer hinders MEK but
instead impedes ERK interaction with phosphatases. Since
Mxi2 and p38 are splice variants of the same gene, this opens
an attractive scenario in which, by switching the splicing taking
place at the p38 locus, the signaling machinery could be pro-
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grammed to up- or down-regulate ERK activity, with its sub-
sequent alterations of the biological outcomes resulting from
ERK activation, an exciting hypothesis that merits some atten-
tion.
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