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Degradation of collagenous extracellular matrix by collagenase 1 (also known as matrix metalloproteinase
1 [MMP-1]) plays a role in the pathogenesis of various destructive disorders, such as rheumatoid arthritis,
chronic ulcers, and tumor invasion and metastasis. Here, we have investigated the role of distinct mitogen-
activated protein kinase (MAPK) pathways in the regulation of MMP-1 gene expression. The activation of the
extracellular signal-regulated kinase 1 (ERK1)/ERK2 (designated ERK1,2) pathway by oncogenic Ras, con-
stitutively active Raf-1, or phorbol ester resulted in potent stimulation of MMP-1 promoter activity and mRNA
expression. In contrast, activation of stress-activated c-Jun N-terminal kinase and p38 pathways by expression
of constitutively active mutants of Rac, transforming growth factor b-activated kinase 1 (TAK1), MAPK kinase
3 (MKK3), or MKK6 or by treatment with arsenite or anisomycin did not alone markedly enhance MMP-1
promoter activity. Constitutively active MKK6 augmented Raf-1-mediated activation of the MMP-1 promoter,
whereas active mutants of TAK1 and MKK3b potently inhibited the stimulatory effect of Raf-1. Activation of
p38 MAPK by arsenite also potently abrogated stimulation of MMP-1 gene expression by constitutively active
Ras and Raf-1 and by phorbol ester. Specific activation of p38a by adenovirus-delivered constitutively active
MKK3b resulted in potent inhibition of the activity of ERK1,2 and its upstream activator MEK1,2. Further-
more, arsenite prevented phorbol ester-induced phosphorylation of ERK1,2 kinase-MEK1,2, and this effect was
dependent on p38-mediated activation of protein phosphatase 1 (PP1) and PP2A. These results provide
evidence that activation of signaling cascade MKK3-MKK3b3p38a blocks the ERK1,2 pathway at the level of
MEK1,2 via PP1-PP2A and inhibits the activation of MMP-1 gene expression.

Matrix metalloproteinases (MMPs) play an important role
in the pathogenesis of disorders in which excessive degradation
of extracellular matrix (ECM) occurs, such as rheumatoid ar-
thritis, osteoarthritis, autoimmune blistering skin diseases, and
tumor cell invasion and metastasis (44). The MMP gene family
consists of at least 20 structurally related zinc-dependent neu-
tral endopeptidases, collectively capable of degrading essen-
tially all components of the ECM. According to their substrate
specificities and structure, MMPs are often divided into sub-
groups of collagenases, stromelysins, gelatinases, membrane-
type MMPs, and other MMPs (25, 52). Collagenase 1 (hence-
forth designated MMP-1) is expressed by several types of
normal and malignant cells, and it is one of the few proteolytic
enzymes capable of degrading native fibrillar collagens. In-
creased expression of MMP-1 has been shown to correlate with
poor prognosis of malignant tumors, including gastric and co-
lon carcinomas (22, 35).

MMP-1 gene expression is stimulated at the transcriptional
level by various growth factors, cytokines, and tumor promot-
ers via a promoter segment located between 295 to 272 bp
upstream of the transcription initiation site, which contains

adjacent binding sites for AP-1 and ETS transcription factors
(52, 54). The expression and transactivation capacities of AP-1
and ETS transcription factors are regulated by mitogen-acti-
vated protein kinase (MAPK) pathways, a large network of
signaling modules activated by a variety of stimuli (17, 28).
Three distinct MAPK pathways have been characterized in
detail: extracellular signal-regulated kinase 1 (ERK1)/ERK2
(designated ERK1,2), c-Jun N-terminal kinase/stress-activated
protein kinase (JNK/SAPK), and p38. The ERK1,2 pathway
(Raf3MEK1,23ERK1,2) is activated by mitogens via Ras
and by phorbol esters via protein kinase C. The stress-activated
MAPK pathways JNK/SAPK (MEK kinase 1,33MAPK kinase
4,7 [MKK4,7]3JNK1,2,3) and p38 (MAPK kinase kinase
[MAPKKK]3MKK3,63p38a,b,g,d) are activated by cellular
stress, e.g., UV light, osmotic and oxidative stress, and inflamma-
tory cytokines (17, 28). The activation of MAPKs requires phos-
phorylation of conserved tyrosine and threonine residues by dual-
specificity MAPK kinases, which in turn are activated by
phosphorylation of two serine residues by upstream MAPKKKs.
Phosphorylation of MAPKs results in their translocation to the
nucleus, where they activate transcription factors by phosphor-
ylation. Activity of MAPK kinases and MAPKs is inhibited by
dephosphorylation of the regulatory serine, threonine, and ty-
rosine residues by serine/threonine, tyrosine, and dual-speci-
ficity phosphatases, respectively (see reference 26). Serine/
threonine protein phosphatase 1 (PP1) and PP2A inhibit the
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activity of the ERK1,2 pathway by dephosphorylation of
MEK1,2 and ERK1,2 (26, 32, 48). Furthermore, inhibition of
PP1 and PP2A activity results in activation of ERK1,2 and in
enhancement of AP-1-dependent gene expression (14, 32, 48).

Recent studies have shown that the ERK1,2 pathway medi-
ates the activation of the MMP-1 promoter via an AP-1 ele-
ment by Ras, serum, phorbol ester, insulin, and oncostatin M
(15, 27, 42) and that specific activation of ERK1,2 induces
MMP-1 production by fibroblasts (39). On the other hand,
activity of p38 MAPK is required for induction of MMP-1 gene
expression by interleukin-1, ceramide, and the tumor promoter
okadaic acid (40, 41, 51). Furthermore, blocking the JNK or
ERK1,2 pathway also inhibits ceramide- and okadaic acid-
elicited induction of MMP-1 expression, suggesting that coor-
dinate activation of multiple MAPK pathways determines the
rate of MMP-1 gene transcription (40, 51). However, the in-
terplay between distinct MAPK pathways in the regulation of
MMP-1 gene expression is not clear. Here, we show that in
contrast to the ERK1,2 pathway, activation of the JNK and p38
pathways alone is not sufficient to markedly activate MMP-1
gene transcription. Furthermore, we show that activation of
the MKK33p38a pathway inhibits phorbol ester-, Ras-, and
Raf-1-elicited MMP-1 promoter activation and that this in-
volves PP1- and PP2A-mediated MEK1,2 inactivation. These
results provide evidence for a novel role of p38a in the inhi-
bition of ERK1,2-mediated induction of MMP-1 gene expres-
sion.

MATERIALS AND METHODS

Cell cultures. Human skin fibroblast cultures were established from a healthy
male volunteer donor (aged 28 years). Mouse NIH 3T3 fibroblasts, human
neonatal foreskin fibroblasts, and HeLa cells were obtained from the American
Type Culture Collection (Rockville, Md.). Establishment of KMS-6 and KMST-
6/Ras fibroblasts (24) and embryonal fibroblasts from JNK22/2 mice (40) has
been described previously. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM glu-
tamine, 100 IU of penicillin G/ml, and 100 mg of streptomycin/ml, except NIH
3T3 cells, which were cultured in a similar medium supplemented with 10% calf
serum.

Reagents and antibodies. 12-O-tetradecanoyl-13-phorbol acetate (TPA), ani-
somycin, sodium m-arsenite, and human recombinant transforming growth fac-
tor b1 (TGF-b1) were purchased from Sigma Chemical Co. (St. Louis, Mo.).
Calyculin A, okadaic acid, p38 inhibitor SB203580, and MEK1,2 inhibitor
PD98059 were from Calbiochem (San Diego, Calif.). Phospho-specific MEK1,2,
ERK1,2, JNK, and p38 antibodies and antibodies against total MEK1,2, ERK1,2,
and p38 antibodies were obtained from New England Biolabs (Beverly, Mass.).
Antibody against c-Raf-1 was from Santa Cruz Biotechnology (Santa Cruz,
Calif.). Antibody against the catalytic subunit of PP2A (6) was kindly provided by
David Brautigan (University of Virginia, Charlottesville). Antibody against the
catalytic subunit of PP1 was kindly provided by John Eriksson, University of
Turku, Turku, Finland.

RNA analysis. Total cellular RNA was isolated from cells using the RNAeasy
kit (Qiagen). Aliquots of total RNA (5 to 15 mg) were fractionated on 0.8%
agarose gels containing 2.2 M formaldehyde, transferred to a Zeta probe filter
(Bio-Rad, Richmond, Calif.) by vacuum transfer (VacuGene XL; LKB, Bromma,
Sweden), and immobilized by heating at 80°C for 30 min. The filters were
prehybridized for 2 h and subsequently hybridized for 20 h with a 2.0-kb human
MMP-1 cDNA (18) or 1.3-kb rat glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA (12) labeled by [a-32P]dCTP by random priming. The filters
were washed, with a final stringency of 0.13 SSC (13 SSC is 0.15 M NaCl plus
0.015 M sodium citrate)–0.1% sodium dodecyl sulfate (SDS) at 60 or 53°C. The
cDNA-mRNA hybrids were visualized by autoradiography, and the levels of
MMP-1 mRNA were quantitated by scanning densitometry with MCID software
(Imaging Research, Inc., St. Catharines, Ontario, Canada), and corrected for the
levels of GAPDH mRNA in the same samples.

Transient transfections. Confluent NIH 3T3 cells were transiently transfected
with calcium phosphate-DNA coprecipitation, followed by 2 min of glycerol
shock as previously described (53). Human newborn skin fibroblasts were tran-
siently transfected with FuGene6 reagents (Roche Biochemicals, Mannheim,
Germany). In cotransfection experiments, the cells were transiently transfected
with 2 mg of the MMP-1 promoter-chloramphenicol transferase (CAT) construct
-2278CLCAT (13) (kindly provided by Steven Frisch, Washington University, St.
Louis, Mo.) in combination with the expression plasmids for constitutively active
forms of Raf-1 (RafBXB) (2) (kindly provided by U. Rapp, University of Würz-
burg, Würzburg, Germany), Rac (RacQL) (7) (kindly provided by J. Lacal,
University of Madrid, Madrid, Spain), TGF-b-activated kinase 1 (TAK1)
(DNTAK1) (58) (kindly provided by E. Nishida, Kyoto University, Kyoto, Ja-
pan), MKK6 [MKK6(E)](38) (kindly provided by R. Davis, University of Mas-
sachusetts, Worcester), MKK3 [MKK3(E)], MKK3b [MKK3b(E)], and wild-type
p38a (20). Control cultures were cotransfected in parallel with the respective
empty expression vectors. As an indicator of promoter activity, CAT activity was
assayed as described previously (54). The transfection efficiency was monitored
by cotransfecting the cells with 4 mg of Rous sarcoma virus–b-galactosidase
construct and correcting the CAT activities for b-galactosidase activity. The
expression of constitutively active Raf-1 in cells transfected with RafBXB was
determined by Western blot analysis of cell lysates with a specific antibody.

Determination of MAPK activity. The activation of MEK1,2, ERK1,2, JNK,
and p38 was determined by Western blotting with antibodies specific for phos-
phorylated, activated forms of these kinases. The cultures were maintained for
18 h in medium supplemented with 1% FCS, treated as indicated, and lysed in
100 ml of Laemmli sample buffer. Samples were then sonicated, fractionated by
SDS–10% polyacrylamide gel electrophoresis, and transferred to a nitrocellulose
membrane (Amersham Pharmacia Biotech). Western blotting was performed as
described previously (39, 40), with phospho-specific antibodies with peroxidase-
conjugated secondary antibodies visualized by enhanced chemiluminescence
(Amersham Pharmacia Biotech).

To determine the activation of p38 by constitutively active forms of TAK1 and
Rac, NIH 3T3 cells were transiently transfected with 4 mg (each) of the expres-
sion vectors for constitutively active TAK1 (DNTAK1) and Rac [Rac(QL)]
together with the expression vector for p38a containing a Flag tag. To assay the
activation of different p38 isoforms by constitutively active MKK3b and MKK6b,
NIH 3T3 cells were transiently transfected with expression vectors MKK3b(E)
and MKK6b(E) (19) in combination with expression vectors for Flag-tagged
wild-type p38a, p38b, p38g, and p38d (37). Control cultures were transfected
with the corresponding empty expression vectors. The cultures were maintained
for 36 h in 1% FCS–DMEM and harvested in 300 ml of lysis buffer (phosphate-
buffered saline [pH 7.4], 1% NP-40, 0.5% sodium deoxycholate, 1 mM Na3VO4,
0.1% SDS, 1 mM EDTA, 1 mM EGTA, 20 mM NaF, 1 mM phenylmethylsul-
fonyl fluoride, and 1 mg [each] of aprotinin, leupeptin, and pepstatin per ml), p38
isoforms were immunoprecipitated with anti-Flag M2 monoclonal antibody (Sig-
ma) and coupled to protein G-Sepharose (Pharmacia), and their activity was
determined in a kinase assay with [g-32P]ATP with glutathione S-transferase
(GST)–activating transcription factor 2 (ATF-2) as a substrate, as described
previously (23). The samples were resolved by SDS–12.5% polyacrylamide gel
electrophoresis, and phosphorylated GST–ATF-2 was visualized by autoradiog-
raphy.

Determination of PP1-PP2A activity and expression. Confluent human skin
fibroblasts were maintained for 24 h in medium supplemented with 1% FCS,
treated as indicated, and harvested in phosphatase lysis buffer (20 mM HEPES
[pH 7.4], 10% glycerol, 0.1% NP-40, 30 mM b-mercaptoethanol, 1 mM EGTA).
Cell lysate was homogenized by being passed five times through a 20-gauge
needle, and equal amounts of the protein were used to determine the PP1-PP2A
phosphatase activity with 32P-labeled glycogen phosphorylase as a substrate with
the Protein Phosphatase Assay system (Life Technologies, Paisley, United King-
dom). The levels of PP1 and PP2A catalytic subunits were determined by West-
ern blot analysis using specific antibodies (see above).

Infection of fibroblasts with recombinant adenoviruses. Recombinant repli-
cation-deficient adenovirus RAdlacZ (RAd35) (55), which contains the Esche-
richia coli b-galactosidase (lacZ) gene under the control of the cytomegalovirus
immediate-early promoter, and empty adenovirus RAd66 (55) were kindly pro-
vided by Gavin W.G. Wilkinson (University of Cardiff, Cardiff, Wales). Con-
struction and characterization of recombinant adenoviruses containing the cod-
ing region of mutated, constitutively active human MKK3b [RAdMKK3b(E)]
and MKK6b [RAdMKK6b(E)], and wild-type p38a genes driven by the cyto-
megalovirus immediate-early promoter have been described previously (49). In
our experiments, 5 3 105 KMST-6/Ras fibroblasts in suspension were infected as
previously described (39) with recombinant adenoviruses at a multiplicity of
infection of 500, which was found to give 100% transduction efficiency with
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RAdlacZ, plated, and incubated for 18 h. The culture medium (DMEM with 1%
FCS) was changed, and the cultures were incubated for an additional 24 h. The
cell layers were harvested and used for determination of MAPK activation by
Western blot analysis with phospho-specific antibodies, as described above.

RESULTS

Differential regulation of MMP-1 promoter activity by mi-
togen- and stress-activated MAPKs. To study the roles of
distinct MAPK pathways in the regulation of MMP-1 promoter
activity, we initially cotransfected murine NIH 3T3 fibroblasts
with -2278CLCAT reporter construct, which contains 2.278 kb
of the 59-flanking region of the human MMP-1 gene linked to
the CAT reporter gene, in combination with expression plas-
mids for constitutively active mutants of different upstream
kinases of the ERK1,2, JNK, and p38 pathways. As shown in
Fig. 1A, expression of constitutively active Raf-1 (RafBXB)
resulted in dose-dependent enhancement of MMP-1 promoter
activity, indicating that activation of the ERK1,2 pathway
alone is sufficient to induce MMP-1 gene transcription. In
contrast, expression of constitutively active MKK3 or Rac had
no marked effect on MMP-1 promoter activity (Fig. 1B). In
comparison, constitutively active MKK6 and TAK1 enhanced
MMP-1 promoter activity, but clearly less potently than con-
stitutively active Raf-1.

We have previously shown that maximal activation of
MMP-1 expression by okadaic acid and ceramide requires co-

FIG. 1. Modulation of Raf-1-induced MMP-1 promoter activity by
stress-activated MAPK pathways. (A to C) After transfection and glycerol
shock, the cultures were maintained for 36 h in 1% FCS, and CAT activity

was measured from cell lysates. Transfection efficiency was monitored
by cotransfecting the cells with 4 mg of RSV–b-galactoside construct.
The values represent the mean of at least two independent experi-
ments, each performed in duplicate. (A) NIH 3T3 fibroblasts were
transiently transfected with indicated amounts of the expression vector
for the constitutively active form of Raf-1 (RafBXB) together with the
-2278CLCAT construct (2 mg), containing 2,278 bp of the human
MMP-1 gene promoter linked to the CAT gene. (B) NIH 3T3 fibro-
blasts were transiently transfected with increasing amounts (0.5, 1, 2,
and 4 mg) of expression vectors for constitutively active MKK3
[MKK3(E)], MKK6 [MKK6(EE)], TAK1 (DNTAK1), and Rac
(RacQL), or with Raf-1 (RafBXB) (2 mg) in combination with MMP-1
promoter-CAT construct -2278CLCAT (2 mg). (C) NIH 3T3 fibro-
blasts were transiently transfected with MMP-1 promoter-CAT con-
struct -2278CLCAT (1 mg) with the expression vector for constitutively
active Raf-1 (RafBXB) alone or in combination with expression vec-
tors for constitutively active MKK3, MKK6, and TAK1 (1 mg each).
(D) NIH 3T3 fibroblasts were transiently transfected with 4 mg of
expression vectors for the constitutively active form of TAK1
(DNTAK1) and Rac [Rac(QL)] together with the expression vector for
Flag-tagged p38a. Activity of p38a immunoprecipitated from cell ly-
sates with anti-Flag antibody was determined with GST–ATF-2 as
substrate. The levels of p38a in cell lysates were determined by West-
ern blot analysis with anti-Flag antibody. (E) NIH 3T3 fibroblasts were
transiently transfected with expression vectors for the constitutively
active form of TAK1 (DNTAK1) (2 mg), MKK3b [MKK3b(E)] and
MKK6b [MKK6b(E)] (4 mg), together with the expression vector for
constitutively active Raf-1 (RafBxB) (2 mg). The level of RafBxB in
cell lysates was determined by Western blot analysis with c-Raf-1
antibody. (F) NIH 3T3 fibroblasts were transiently transfected with 4
mg of expression vectors for constitutively active forms of MKK3b
[MKK3b(E)] and MKK6b [MKK6b(E)], together with expression vec-
tors for wild-type p38 isoforms (p38a, -b, -g, and -d) (4 mg each).
Control cultures were transfected with the corresponding empty ex-
pression vector. Cultures were then maintained for 36 h in 1% FCS–
DMEM, and the activity of p38 isoforms immunoprecipitated from cell
lysates with anti-Flag antibody was determined using GST–ATF-2 as
substrate. CTL, empty expression vector.
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ordinate activation of the ERK1,2, JNK, and/or p38 pathways
(40, 51). In this context, we studied the effect of simultaneous
activation of these pathways on MMP-1 promoter activity. As
shown in Fig. 1C, expression of constitutively active MKK3 had
no marked effect on RafBXB-induced MMP-1 promoter ac-
tivity, whereas activated MKK6 clearly potentiated the effect of
RafBXB. Interestingly, expression of active TAK1 potently
inhibited RafBXB-elicited MMP-1 promoter activation (Fig.
1C), indicating that activation of distinct stress-activated
MAPKs may have opposite effects on MMP-1 gene expression.

To confirm the activation of p38 by constitutively active Rac
and TAK1, we cotransfected the corresponding expression vec-
tors with an expression vector coding for p38a with Flag tag. A
kinase assay with p38a immunoprecipitated with the anti-Flag
antibody with ATF-2 as a substrate corroborated the activation
of p38a by Rac(QL) and DNTAK1 (Fig. 1D). No differences in
the levels of Flag-p38a in cell lysates were detected in Western
blots with anti-Flag antibody (Fig. 1D). Furthermore, Western
blot analysis of cotransfected fibroblasts revealed no differ-
ences in the levels of constitutively active Raf-1 (RafBXB)
between cells cotransfected with expression vectors for consti-
tutively active TAK1, MKK3b, and MKK6b (Fig. 1E). Expres-
sion vectors for distinct p38 isoforms p38a, p38b, p38g, and
p38d with Flag tags were also cotransfected with expression
vectors for constitutively active MKK3b and MKK6b. Kinase
assays with immunoprecipitated p38 isoforms showed that
MKK3b potently activated p38a, but not other p38 isoforms
(Fig. 1F). MKK6b potently activated p38a and also p38b, -g,
and -d isoforms (Fig. 1F). No activation of p38 isoforms was
detected in cells cotransfected with empty expression vector
(Fig. 1F).

Arsenite inhibits ERK1,2-mediated enhancement of MMP-1
expression. Next, we studied the regulation of the endogenous
MMP-1 gene in human skin fibroblasts by arsenite and aniso-
mycin, two well-known activators of p38 and JNK/SAPK path-
ways, in combination with the phorbol ester TPA, an activator
of the ERK1,2 pathway. Treatment with TPA (60 ng/ml) po-
tently induced MMP-1 mRNA expression in human skin fibro-
blasts (Fig. 2A), whereas treatment of cells with arsenite (80
mM) or anisomycin (25 ng/ml) alone did not stimulate MMP-1
mRNA abundance. Interestingly, treatment of cells with arsen-
ite in combination with TPA completely abrogated the TPA-
elicited induction of MMP-1 mRNA abundance, whereas ani-
somycin treatment had no effect (Fig. 2A). As shown in Fig.
2B, the inhibitory effect of arsenite on TPA-elicited induction
of MMP-1 mRNA was dose dependent, the maximal inhibition
noted with concentration being 80 mM.

It has been shown that treatment of transformed epithelial
HeLa cells by arsenite (50 mM) results in activation of the
minimal MMP-1 promoter construct containing the proximal
AP-1 binding site (4). To examine whether the inhibitory effect
of arsenite on MMP-1 gene expression is specific for fibro-
blasts, we studied the regulation of MMP-1 expression by TPA
and arsenite in HeLa cells. Treatment of HeLa cells with
arsenite (50 mM) also potently inhibited TPA-elicited induc-
tion of MMP-1 mRNA expression and alone did not induce
MMP-1 mRNA levels (Fig. 2C). These results show that the
inhibitory effect of arsenite on MMP-1 gene expression is not
specific for fibroblasts.

Arsenite blocks ERK1,2 pathway at the level of MEK1,2.
Next, we treated fibroblasts with arsenite for different periods
of time and determined the activation of ERK1,2, JNK, and
p38 kinases by Western blotting with antibodies against the
phosphorylated forms of the kinases. Interestingly, arsenite
treatment activated ERK1,2 potently and transiently between
15 min and 1 h, after which ERK1,2 phosphorylation declined
below the basal level and was restored at 6 h (Fig. 3). In
contrast to ERK1,2, activation of JNK and p38 by arsenite
persisted until 6 h (Fig. 3). Interestingly, onset of p38 activa-
tion at the time range of 30 min to 1 h clearly preceded the
decline of ERK1,2 activation, first noted at the 1-h time point.
Treatment of fibroblasts transfected with the p38a expression
vector with arsenite activated Flag-tagged p38a, as determined
by an immunocomplex assay with GST–ATF-2 as a substrate
(data not shown).

These results suggest that the activation of JNK and/or p38
inhibits MMP-1 expression by blocking the ERK1,2 pathway.
To study this possibility, we treated fibroblasts simultaneously
with TPA and arsenite and determined the activation of
ERK1,2 and MEK1,2. Interestingly, simultaneous arsenite
treatment clearly inhibited TPA-induced ERK1,2 phosphory-
lation at 3- and 4-h time points, and this was associated with
marked reduction in the levels of phosphorylated MEK1,2 in
the time range from 30 min (data not shown) to 4 h (Fig. 4A).
In addition, arsenite treatment resulted in reduction in the

FIG. 2. Arsenite inhibits TPA-elicited induction of MMP-1 expres-
sion. Total RNA was isolated and analysed for MMP-1 and GAPDH
mRNA abundance by Northern blot hybridizations. Quantitations of
MMP-1 mRNA levels corrected for GAPDH mRNA levels are shown
below panel C relative to untreated control cultures. (A) Human skin
fibroblasts were treated with TPA (60 ng/ml), arsenite (80 mM), and
anisomycin (25 ng/ml) alone and in combination for 12 h. (B) Human
skin fibroblasts were treated for 12 h with TPA (60 ng/ml) alone or in
combination with increasing concentrations of arsenite. (C) HeLa cells
were treated with TPA (60 ng/ml) and arsenite (50 mM) alone or in
combination for 12 h.
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basal levels of activated ERK1,2 and MEK1,2 (Fig. 4A). Fur-
thermore, dose-dependent activation of JNK and p38 by ar-
senite correlated with the inactivation of ERK1,2 and MEK1,2
(Fig. 4B) and with the down-regulation of TPA-induced
MMP-1 mRNA expression (Fig. 2B).

Blocking MEK1,2 activation by arsenite inhibits ERK1,2-
mediated enhancement of MMP-1 expression. The results pre-
sented above provide evidence that treatment of fibroblasts
with arsenite blocks the ERK1,2 pathway at the level of
MEK1,2. To confirm that the effect of arsenite occurs down-
stream of Ras, we treated human Ha-Ras-transformed fibro-
blasts (KMST-6/Ras) (24) with arsenite and studied MEK1,2
activation and the regulation of MMP-1 expression. As shown
in Fig. 5A, Ras transformation resulted in a marked increase in
MMP-1 mRNA abundance, compared with that of the paren-
tal cell line, KMS-6. In both cell lines, expression of MMP-1
mRNA was suppressed by TGF-b to a certain extent (Fig. 5A),
indicating that both cell lines respond to signals previously
shown to negatively regulate MMP-1 gene expression. In ad-
dition, treatment of KMST-6/Ras cells with specific MEK1,2
inhibitor PD98059 potently suppressed expression of MMP-1
mRNA, indicating that high levels of basal expression of
MMP-1 in these cells are dependent on MEK1,2 activity (Fig.
5B). Treatment of KMST-6/Ras cells with arsenite also re-
sulted in dose-dependent down-regulation of MMP-1 expres-
sion (Fig. 5B), and the maximal down-regulation of MMP-1
mRNA expression correlated with the maximal inhibition of
MEK1,2 activity first noted at 4 h (Fig. 5C).

To exclude the possibility that arsenite could block the ac-
tivation of the ERK1,2 pathway at the level of Ras or Raf-1, we
transfected human neonatal foreskin fibroblasts with the ex-
pression vector for constitutively active Raf-1 (RafBXB) and
studied the effect of arsenite on Raf-1-induced activation of
the MMP-1 promoter. As shown in Fig. 5D, RafBXB increased
MMP-1 promoter activity up to sixfold, compared to cells co-
transfected with the respective empty expression vector, and
this effect was potently and dose dependently inhibited by
treatment with arsenite (Fig. 5D). Taken together, these re-
sults clearly show that activation of the Ras3Raf-
13MEK1,23ERK1,2 pathway is inhibited by arsenite at the
level of MEK1,2, resulting in the inhibition of MMP-1 gene
expression in fibroblasts.

Inhibition of MEK1,2 activation by arsenite is mediated by
p38 MAPK. The results above show that activation of JNK or
p38 MAPK results in inactivation of MEK1,2. To study the
role of p38 MAPK in this process, human skin fibroblasts were
pretreated for 2 h with a specific inhibitor of p38 activity,
SB203580, followed by exposure to TPA and arsenite alone
and in combination for 4 h. Blocking p38 activity by SB203580
had no effect on basal MEK1,2 or ERK1,2 phoshorylation, but
it augmented the activation of MEK1,2 and ERK1,2 by TPA
(Fig. 6A). As before (see above), arsenite inhibited the activa-
tion of MEK1,2 and ERK1,2 by TPA (Fig. 6A). Interestingly,
treatment of cells with SB203580 abrogated the inhibitory ef-
fect of arsenite on TPA-elicited activation of MEK1,2 and
ERK1,2 (Fig. 6A).

To study the role of the JNK signaling cascade in mediating
arsenite-elicited MEK1,2 inactivation, we examined whether
arsenite exerts a similar effect in embryonal fibroblasts derived
from JNK22/2 mice. As shown in Fig. 6B, TPA potently acti-
vated MEK1,2 in JNK22/2 fibroblasts, and as in human skin
fibroblasts, MEK1,2 activation was entirely prevented by ar-
senite treatment, showing that arsenite-elicited inactivation of
MEK1,2 is not mediated by JNK2.

To directly examine the inhibitory role of p38 MAPK on

FIG. 3. Arsenite inhibits activation of ERK1,2. Human skin fibro-
blasts were treated with arsenite (80 mM) for indicated periods of time.
Thereafter, cells were lysed and the levels of phosphorylated ERK1,2
(p-ERK1,2), JNK (p-JNK), and p38 (p-p38) were determined by West-
ern blot analysis with phospho-specific antibodies. Protein loading was
studied with antibodies against total p38 and ERK1,2. The cellular
levels of catalytic subunits for PP1 and PP2A were determined by
Western blot analysis with specific antibodies.

FIG. 4. Treatment of fibroblasts with arsenite prevents activation
of MEK1,2 and ERK1,2. Cells were lysed, and the levels of phosphor-
ylated ERK1,2 (p-ERK1,2), MEK1,2 (p-MEK1,2), JNK (p-JNK), and
p-38 (p-p38) were determined by Western blot analysis with corre-
sponding phospho-specific antibodies. Protein loading was determined
using antibodies against total MEK1,2. (A) Human skin fibroblasts
were treated with TPA (60 ng/ml) alone or in combination with arsen-
ite (80 mM) for indicated periods of time. (B) Human skin fibroblasts
were treated with TPA (60 ng/ml) alone or in combination with in-
creasing concentrations of arsenite for 2 h.
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the ERK1,2 cascade, we infected KMST-6/Ras fibroblasts
with adenoviruses harboring constitutively active MKK3b and
MKK6b, alone and together with adenovirus for wild-type
p38a. Activation of endogenous p38a by MKK3b(E) resulted
in reduction in the levels of activated MEK1,2 and ERK1,2,
compared with uninfected cells or cells infected with empty
control virus RAd66 (Fig. 6C). Furthermore, simultaneous
overexpression of p38a clearly augmented the inhibitory effect
of MKK3b(E) on MEK1,2 and ERK1,2 activation (Fig. 6C). In
contrast, although constitutively active MKK6b clearly acti-
vated p38a, this had no effect on MEK1,2 and ERK1,2 activity
(Fig. 6C). These results provide evidence that MKK3 and
MKK6 play a different role in controlling MEK1,2 activity,
possibly due to their different p38 isoform activation profiles.
Nevertheless, these results clearly show that specific activation
of p38a by MKK3b results in potent inhibition of MEK1,2 and
ERK1,2 activity.

Inhibition of MMP-1 promoter activity by p38 MAPK. The
results above suggest that signaling via p38 MAPK mediates
the inhibitory effect of arsenite or TAK1 on the ERK1,2 sig-
naling cascade. Our cotransfections showed that expression of
constitutively active MKK6, a potent and specific activator of
p38 (10), enhanced the effect of RafBXB on MMP-1 promoter
activity, whereas MKK3 had no effect (Fig. 1A). However, it
has been shown that the constitutively active mutant of MKK3,
MKK3(E), alone does not stimulate ATF-2-dependent tran-
scription but requires simultaneous overexpression of p38 (20).

In this respect, we studied the effect of coexpression of
MKK3(E) and p38a on MMP-1 promoter activity. Expression
of RafBXB in NIH 3T3 cells potently enhanced MMP-1 pro-
moter activity, and this effect was not modulated by coexpres-
sion of MKK3(E) alone (Fig. 7A). However, overexpression of
MKK3(E) in combination with p38a potently inhibited the
effect of RafBXB on the MMP-1 promoter (Fig. 7A). More-
over, as shown in Fig. 7, the stimulatory effect of RafBXB on
MMP-1 promoter activity was potently inhibited by expression
of MKK3b(E), a predominant MKK3 isoform which potently
activates p38a (Fig. 1F and 6C), and ATF-2-dependent tran-
scription (20). Taken together, these results suggest that
MKK3/MKK3b and MKK6 play opposite roles in the regula-
tion of MMP-1 gene expression and that signaling pathway
MKK3/MKK3b3p38a mediates arsenite-elicited inhibition of
MEK1,2 activity.

Activation of PP1-PP2A via p38 is required for arsenite-
elicited inactivation of MEK1,2. The results above suggest that
arsenite-elicited MEK1,2 inactivation is mediated by direct
MEK1,2 dephosphorylation. Previous studies have shown that
PP1 and PP2A dephosphorylate MEK1,2 and ERK1,2 and that
inhibition of PP1-PP2A activity results in activation of ERK1,2
and expression of MMP-1 in fibroblasts (3, 51, 53). Therefore,
we studied the role of PP1-PP2A in arsenite-elicited inactiva-
tion of MEK1,2. Interestingly, treatment of human skin fibro-
blasts with arsenite resulted in a persistent increase in cellular
PP1-PP2A activity, starting at 30 min and extending until 2 h

FIG. 5. Arsenite treatment blocks the ERK1,2 pathway downstream of Ras and Raf-1. (A) The Ras-transformed human embryonal fibroblast
line (KMST-6/RAS) and the parental fibroblasts (KMS-6) were treated for 24 h with TGF-b (10 ng/ml). The expression of MMP-1 and GAPDH
mRNAs was determined by Northern blot hybridizations. (B) KMST-6/RAS cells were incubated for 12 h with MEK1,2 inhibitor PD98059 (PD;
20 mM) or with arsenite in concentrations indicated. Thereafter, expression of MMP-1 and GAPDH mRNAs was determined by Northern blot
hybridizations. Quantitation of MMP-1 mRNA levels corrected for GAPDH mRNA levels is shown below the panel relative to untreated control
cultures (100). (C) KMST-6/RAS cells were incubated with arsenite (80 mM) for indicated periods of time, and the levels of phosphorylated
MEK1,2 (p-MEK1,2) and total MEK1,2 were determined by Western blot analysis. Quantitation of p-MEK1,2 levels is shown below the panel
relative to the levels in cultures at time point 0 h (lane 1). (D) Neonatal human skin fibroblasts were transiently transfected with expression vector
for the constitutively active form of Raf-1 (RafBXB) together with MMP-1 reporter gene construct -2278CLCAT (2 mg). Twelve hours after the
transfection, cells were treated with arsenite (40 or 80 mM), incubation was continued for 12 h, cells were harvested, and CAT activity was
measured. The values represent the mean of three experiments each performed in duplicate.

2378 WESTERMARCK ET AL. MOL. CELL. BIOL.

 at C
IS

C
A

T
O

 M
A

S
S

IM
O

 on A
ugust 31, 2009 

m
cb.asm

.org
D

ow
nloaded from

 

http://mcb.asm.org


(Fig. 8A). Arsenite had no effect on the cellular levels of
catalytic subunits of PP1 and PP2A, as determined by Western
blot analysis (Fig. 3). Arsenite-elicited increase of PP1-PP2A
activity was potently blocked by pretreatment of cells with
calyculin A (2.5 nM) or okadaic acid (20 ng/ml), specific in-
hibitors of PP1 and PP2A activity (Fig. 8B) (11).

To study whether PP1-PP2A activity is required for an in-
hibitory effect of arsenite on MEK1,2 activation, skin fibro-
blasts were pretreated with calyculin A (2.5 and 5 nM) and
exposed to TPA and arsenite alone and in combination for 2 h.
Treatment of cells with calyculin A activated MEK1,2 and
ERK1,2 as potently as TPA and augmented the effect of TPA
on MEK1,2 and ERK1,2 phosphorylation (Fig. 8C). As noted
above, arsenite treatment potently inhibited TPA-elicited
MEK1,2 and ERK1,2 phosphorylation, but this effect was ab-
sent in cells in which PP1-PP2A activity was blocked by caly-
culin A (Fig. 8C). These results clearly show that PP1-PP2A
activity is required for arsenite-elicited inactivation of MEK1,2.
Finally, blocking p38 activity by SB203580 potently inhibited
the activation of PP1-PP2A by arsenite (Fig. 8D), showing that
p38 activity is required for both activation of PP1-PP2A and
for the inactivation of MEK1,2 by arsenite.

DISCUSSION

The results of the present study show that activation of p38
MAPKs by MKK3 or MKK6 results in opposite effects on
MMP-1 promoter activity. Based on our results, it appears that
activation of p38 by MKK6 results in synergistic enhancement
of MMP-1 promoter activity in combination with the activation
of the ERK1,2 pathway. This suggests that the MKK63p38
module could mediate the induction of MMP-1 gene expres-
sion, e.g., by ceramide and interleukin-1 (40, 41). The results of
our cotransfections are in accordance with our recent findings
that adenovirus-mediated expression of constitutively active
MKK6b potentiates the stimulatory effect of constitutively ac-
tive MEK1 on the expression of the endogenous MMP-1 gene
(39). In contrast to MKK6, activation of the signaling cascade
downstream of TAK1 and MKK3/MKK3b appears to inhibit
ERK1,2-mediated induction of MMP-1 gene transcription.
TAK1 has been shown to activate both MKK43JNK and
MKK3/MKK63p38 signaling pathways (34, 45). Although we
have not dissected in detail the signaling cascade activated by
TAK1 in fibroblasts, our results clearly show that TAK1-acti-
vated downstream signaling in fibroblasts mimics the effects of
arsenite and increased MKK33p38a activity, providing evi-
dence for p38-mediated inhibition of MMP-1 gene expression.
The opposite roles of MKK3 and MKK6 in the regulation of
MMP-1 gene expression may be based on differences in their
binding affinity and kinase activity toward distinct p38 isoforms
(8, 10). Our results show that in fibroblasts, an active mutant of
MKK3b potently activates p38a, whereas the activation of
other p38 isoforms is negligible. In contrast, constitutively ac-
tive MKK6b also activates p38b, -g, and -d isoforms in addition
to p38a. Based on studies with knockout mice, MKK3 and
MKK6 have nonredundant functions in vivo (10, 30, 56). These
knockout mice provide interesting models to examine the dif-
ferent roles of MKK3 and MKK6 in the regulation of MMP
gene expression.

The p38 MAPK-mediated inhibition of ERK1,2 activation
provides a functional link between these two signaling path-
ways, previously shown to have opposite roles, e.g., in cell
proliferation, survival, and apoptosis (33, 57). Based on our
results, activation of the MKK33p38a pathway in response to
proapoptotic signals would result in inhibition of ERK1,2-

FIG. 6. Inhibitory effect of arsenite on MEK1,2 activation is medi-
ated by p38 MAPK. (A) Human skin fibroblasts were incubated for 4 h
with TPA (60 ng/ml) and arsenite (80 mM) alone or in combination.
Where indicated, cells were pretreated for 2 h with specific inhibitor of
p38 activity SB203580 (SB; 20 mM). Thereafter, cells were lysed and
the levels of phosphorylated MEK1,2 (p-MEK1,2), ERK1,2 (p-
ERK1,2), and p38 (p-p38) and total MEK1,2, ERK1,2, and p38 were
determined by Western blot analysis. (B) Embryonal fibroblasts from
JNK22/2 mice were incubated with TPA (60 ng/ml) alone or in com-
bination with arsenite (80 mM) for the time period indicated. Cells
were lysed, and levels of phosphorylated MEK1,2 (p-MEK1,2) and
total MEK1,2 were determined by Western blotting. (C) Ras-trans-
formed human embryonal fibroblasts (KMST-6/Ras) were infected
with recombinant adenoviruses for constitutively active MKK3b
[RAdMKK3b(E)] and MKK6b [RAdMKK6b(E)] alone or in combi-
nation with adenovirus harboring wild-type p38a (RAdp38a) at a
multiplicity of infection of 500. Control cultures were infected with
empty adenovirus RAd66. After 18 h in DMEM with 1% FCS, the
medium was changed and the incubations were continued for 48 h.
Cells were lysed, and the levels of phosphorylated MEK1,2 (p-
MEK1,2), ERK1,2 (p-ERK1,2), and p38 (p-p38) and total MEK1,2
were determined by Western blot analysis.
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mediated survival signals, hence favoring apoptosis (Fig. 9). In
accordance with this, arsenite treatment and specific activation
of p38a have been shown to induce apoptosis (5, 36). Regard-
ing the role of stress-activated MAPKs in cell growth and
malignant transformation, it has been reported that the MKK4
gene is inactivated in various types of malignant tumors, sug-
gesting a role for MKK4 as a tumor suppressor gene (46, 47).
Moreover, activation of p38 MAPKs is impaired in MKK42/2

fibroblasts (16), raising the interesting possibility that inactiva-
tion of the MKK4 gene during cancer progression could abro-
gate negative signaling from p38 MAPK to MEK1,2 and result
in enhanced ERK1,2 activity, cell proliferation, and MMP-1
expression. In view of the results of the present study, it is
tempting to speculate that MKK3 and/or MKK3b might also
function as a tumor suppressor (Fig. 9).

The effects of arsenite on MAPK activity appear to be cell
type and dose dependent. It has been shown that low doses of
arsenite (,50 mM) specifically activate the ERK1,2 pathway,

whereas higher doses (.50 mM) seem to preferentially activate
JNK and p38 MAPKs (4, 21, 29). Interestingly, a previous
study showed that arsenite treatment results in MKK63p38
cascade-mediated delayed activation of ERK1,2 and that trig-
gering the MKK63p38 pathway results in activation of
ERK1,2 (31). This suggests a possible mechanism for the syn-
ergistic effect of MKK6 and Raf-1 observed in the present
study with low amounts of constitutively active Raf-1 expres-
sion vector, resulting in submaximal activation of the MMP-1
promoter (Fig. 1A and B).

Our results clearly show that inactivation of the ERK1,2
pathway by arsenite occurs at the level of MEK1,2. In addition,
our results with recombinant adenoviruses show that activation
of the p38a isoform by constitutively active MKK3b results in
potent inhibition of MEK1,2 and ERK1,2 activation. This pro-
vides direct evidence that inhibition of MEK1,2 and ERK1,2
activity as a result of p38a activation serves as a negative
regulatory mechanism for ERK1,2 activation. To our knowl-

FIG. 7. (A) NIH 3T3 fibroblasts were transiently transfected with MMP-1 promoter-reporter gene construct -2278CLCAT (1 mg) and the
expression vector for constitutively active Raf-1 (RafBXB) alone or in combination with expression vectors for constitutively active MKK3
[MKK3(E)] and wild-type p38a (1 mg each). Control cultures were transfected with the corresponding empty expression vectors. (B) NIH 3T3
fibroblasts were transiently transfected with -2278CLCAT reporter construct and 1 mg of Raf-1 (RafBXB) alone or in combination with the
constitutively active form of MKK3b [MKK3b(E)]. After 36 h, cells were lysed, and CAT activity was measured as an indicator of promoter activity.
Transfection efficiency was monitored by cotransfecting the cells with 4 mg of the RSV–b-galactosidase construct. The values represent the mean
of two independent experiments each performed in duplicate.
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edge this is the first evidence for a direct functional link
between p38 and MEK1,2. Previously, high-dose (500 mM)
arsenite treatment has been shown to block growth factor-
mediated activation of the ERK1,2 pathway upstream of Ras
(9). Although we cannot exclude the possibility that inhibition
of TPA-elicited activation of MMP-1 mRNA expression by
arsenite would also involve inactivation of signaling at the level
or upstream of Ras, our results clearly show that an additional
mechanism exists that prevents the activation of MEK1,2 by
Raf-1. Our observations also show that arsenite-elicited acti-
vation of p38 results in increased PP1-PP2A activity, and when
PP1-PP2A activity is inhibited, arsenite treatment cannot in-
activate MEK1,2.

Recent studies have shown that although PP2A negatively
regulates signaling from Ras to Raf, the catalytic activity of

Raf-1 is stimulated by PP2A (1, 50). These observations, to-
gether with our results showing that arsenite treatment inhibits
MMP-1 promoter activation by constitutively activated Ras
and Raf-1, support the view that increased PP1-PP2A activity
by arsenite directly inhibits MEK1,2 phosphorylation. Further-
more, our results, showing that ERK1,2 inactivation occurs
somewhat later than MEK1,2 inactivation, indicate that
MEK1,2 is the primary target for PP1-PP2A in arsenite-treated
fibroblasts. This notion is also supported by our previous re-
sults showing that inhibition of PP1-PP2A activity by okadaic
acid is not sufficient to activate MMP-1 gene expression when
MEK1,2 activation is blocked (51).

The mechanism by which p38 activates PP1-PP2A is not
known at present. The formation of complexes between cata-
lytic and regulatory subunits of PP1 and PP2A holoenzymes

FIG. 8. Activation of PP1-PP2A is required for arsenite-elicited MEK1,2 dephosphorylation. (A) Human skin fibroblasts were treated with
arsenite (80 mM) for the time periods indicated. Thereafter, cells were lysed and equal amounts of protein were assayed for PP1-PP2A phosphatase
activity using 32P-labeled glycogen phosphorylase as a substrate. The mean and standard deviation of values from three experiments are shown.
x axis, length of arsenite treatment. (B) Human skin fibroblasts were treated with arsenite (Ars; 80 mM) for 30 min. Where indicated, cells were
pretreated for 2 h with okadaic acid (OA) (20 ng/ml) or for 15 min with calyculin A (CA) (5 nM). Thereafter, cells were lysed and equal amounts
of total protein were assayed for PP1-PP2A activity as described in the legend to panel A. The results of a representative experiment of two
experiments with similar results are shown. (C) Human skin fibroblasts were treated for 2 h with TPA (60 ng/ml) and arsenite (80 mM) alone or
in combination. Where indicated, cells were pretreated for 15 min with calyculin A (CA) in concentrations shown. The levels of phosphorylated
MEK1,2 (p-MEK1,2) and ERK1,2 (p-ERK1,2) were determined by Western blotting using phospho-specific antibodies. The filter was stripped and
protein loading was determined by using an antibody against total MEK1,2. A representative blot of two independent experiments with similar
results is shown. (D) Human skin fibroblasts were incubated for 30 min with arsenite (Ars; 80 mM). Where indicated cells were pretreated for 2 h
with p38 inhibitor SB203580 (SB; 20 mM). Cells were then lysed and PP1-PP2A phosphatase activity was measured as described in the legend to
panel A. The mean plus standard deviation of two independent experiments are shown. CTL, untreated control cultures.
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regulates the substrate specificity of PP1 and PP2A (26). Fur-
thermore, the activity and complex formation of the catalytic
subunits of PP1 and PP2A are regulated by phosphorylation
(26, 32). This together with the rapid kinetics of PP1-PP2A
activation following p38 activation suggests that PP1 and/or
PP2A complexes are direct targets for p38-mediated phos-
phorylation. In this context, it will be of great interest to study
which subunits target PP1 or PP2A complexes toward MEK1,2
and how these complexes are activated by p38.

In conclusion, our results show that the stimulatory effect of
the ERK1,2 pathway in the regulation of MMP-1 gene expres-
sion is differentially modulated by the p38 pathway depending
on the upstream activator of p38 MAPKs. These results pro-
vide evidence that stress-activated MAPKs may serve as phys-
iological negative regulators of the activity of mitogenic signal-
ing via the ERK1,2 cascade and may also play a negative role
in the regulation of MMP-1 gene expression. In addition, our
results suggest that blocking the MKK3/MKK3b3p38a3PP1-
PP2A pathway may result in increased expression of MMP-1
and subsequent degradation of collagenous ECM in patholog-
ical conditions, such as tumor invasion and metastasis.
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assistance. We also thank the Bohmann lab for helpful discussions and
Dirk Bohmann for critically reading the manuscript.

J. Westermarck and S. Li contributed equally to this work.

REFERENCES

1. Abraham, D., K. Podar, M. Pacher, M. Kubicek, N. Welzel, B. A. Hemmings,
S. M. Dilworth, H. Mischak, W. Kolch, and M. Baccarini. 2000. Raf-1-
associated PP2A as a positive regulator of kinase activation. J. Biol. Chem.
275:22300–22304.

2. Bruder, J. T., G. Heidecker, and U. R. Rapp. 1992. Serum, TPA-, and
Ras-induced expression from Ap-1/Ets driven promoters requires Raf-1 ki-
nase. Genes Dev. 6:545–556.

3. Casillas, A. M., K. Amaral, S. Chegini Farahani, and A. E. Nel. 1993.
Okadaic acid activates p42 mitogen-activated protein kinase (MAP kinase;
ERK-2) in B-lymphocytes but inhibits rather than augments cellular prolif-
eration: contrast with phorbol 12-myristate 13-acetate. Biochem. J. 290:545–
550.

4. Cavigelli, M., W. W. Li, A. Lin, B. Su, K. Yoshioka, and M. Karin. 1996. The
tumor promoter arsenite stimulates AP-1 activity by inhibiting a JNK phos-
phatase. EMBO J. 15:6269–6279.

5. Chen, Y., S. Lin-Shiau, and J. Lin. 1998. Involvement of reactive oxygen
species and caspase 3 activation in arsenite-induced apoptosis. J. Cell.
Physiol. 177:324–333.

6. Chung, H., and D. Brautigan. 1999. Protein phosphatase 2A suppresses
MAP kinase signalling and ectopic protein expression. Cell. Signal. 11:575–
580.

7. Coso, O. A., M. Chiariello, J. C. Yu, H. Teramoto, P. Crespo, N. Xu, T. Miki,
and J. S. Gutkind. 1995. The small GTP-binding proteins Rac1 and Cdc42
regulate the activity of the JNK/SAPK signaling pathway. Cell 81:1137–1146.

8. Cuenda, A., P. Cohen, V. Buee Scherrer, and M. Goedert. 1997. Activation
of stress-activated protein kinase-3 (SAPK3) by cytokines and cellular
stresses is mediated via SAPKK3 (MKK6); comparison of the specificities of
SAPK3 and SAPK2 (RK/p38). EMBO J. 16:295–305.

9. Doza, Y., C. Hall-Jackson, and P. Cohen. 1998. Arsenite blocks growth factor
induced activation of MAP kinase cascade, upstream of Ras and downstream
of Grb2-Sos. Oncogene 17:19–24.

10. Enslen, H., D. M. Brancho, and R. J. Davis. 2000. Molecular determinants
that mediate selective activation of p38 MAP kinase isoforms. EMBO J.
19:1301–1311.

11. Favre, B., P. Turowski, and B. A. Hemmings. 1997. Differential inhibition
and posttranslational modification of protein phosphatase 1 and 2A in
MCF7 cells treated with calyculin-A, okadaic acid, and tautomycin. J. Biol.
Chem. 272:13856–13863.

12. Fort, P., L. Marty, M. Piechaczyk, S. el Sabrouty, C. Dani, P. Jeanteur, and
J. M. Blanchard. 1985. Various rat adult tissues express only one major
mRNA species from the glyceraldehyde-3-phosphate-dehydrogenase multi-
genic family. Nucleic Acids Res. 13:1431–1442.

13. Frisch, S. M., R. Reich, I. E. Collier, L. T. Genrich, G. Martin, and G. I.
Goldberg. 1990. Adenovirus E1A represses protease gene expression and
inhibits metastasis of human tumor cells. Oncogene 5:75–83.

14. Frost, J. A., A. S. Alberts, E. Sontag, K. Guan, M. C. Mumby, and J. R.
Feramisco. 1994. Simian virus 40 small t antigen cooperates with mitogen-
activated kinases to stimulate AP-1 activity. Mol. Cell. Biol. 14:6244–6252.

15. Frost, J. A., T. D. Geppert, M. H. Cobb, and J. R. Feramisco. 1994. A
requirement for extracellular signal-regulated kinase (ERK) function in the
activation of AP-1 by Ha-Ras, phorbol 12-myristate 13-acetate, and serum.
Proc. Natl. Acad. Sci. USA 91:3844–3848.

16. Ganiatsas, S., L. Kwee, Y. Fujiwara, A. Perkins, T. Ikeda, M. Labow, and L.
Zon. 1998. SEK1 deficiency reveals mitogen-activated protein kinase cascade
crossregulation and leads to abnormal hepatogenesis. Proc. Natl. Acad. Sci.
USA 95:6881–6886.

17. Garrington, T. P., and G. L. Johnson. 1999. Organization and regulation of

FIG. 9. Schematic presentation of the proposed opposite roles of ERK1,2 and MKK3/MKK3b3p38a pathways in the regulation of cell
behavior.

2382 WESTERMARCK ET AL. MOL. CELL. BIOL.

 at C
IS

C
A

T
O

 M
A

S
S

IM
O

 on A
ugust 31, 2009 

m
cb.asm

.org
D

ow
nloaded from

 

http://mcb.asm.org


mitogen-activated protein kinase signaling pathways. Curr. Opin. Cell Biol.
11:211–218.

18. Goldberg, G. I., S. M. Wilhelm, A. Kronberger, E. A. Bauer, G. A. Grant, and
A. Z. Eisen. 1986. Human fibroblast collagenase. Complete primary structure
and homology to an oncogene transformation-induced rat protein. J. Biol.
Chem. 261:6600–6605.

19. Goldberg, Y. 1999. Protein phosphatase 2A: who shall regulate the regula-
tor? Biochem. Pharmacol. 57:321–328.

20. Han, J., X. Wang, Y. Jiang, R. J. Ulevitch, and S. Lin. 1997. Identification
and characterization of a predominant isoform of human MKK3. FEBS Lett.
403:19–22.

21. Huang, C., W.-Y. Ma, J. Li, A. Goranson, and Z. Dong. 1999. Requirement
of Erk, but not JNK, for arsenite-induced cell transformation. J. Biol. Chem.
274:14595–14601.

22. Inoue, T., M. Yashiro, S. Nishimura, K. Maeda, T. Sawada, Y. Ogawa, M.
Sowa, and K. H. Chung. 1999. Matrix metalloproteinase-1 expression is a
prognostic factor for patients with advanced gastric cancer. Int. J. Mol. Med.
4:73–77.

23. Ivaska, J., H. Reunanen, J. Westermarck, L. Koivisto, V.-M. Kähäri, and
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