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c-Jun N-terminal protein kinase (JNK) and p38, two distinct members of the mitogen-activated protein
(MAP) kinase family, regulate gene expression in response to various extracellular stimuli, yet their physio-
logical functions are not completely understood. In this report we show that JNK and p38 exerted opposing
effects on the development of myocyte hypertrophy, which is an adaptive physiological process characterized by
expression of embryonic genes and unique morphological changes. In rat neonatal ventricular myocytes, both
JNK and p38 were stimulated by hypertrophic agonists like endothelin-1, phenylephrine, and leukemia inhib-
itory factor. Expression of MAP kinase kinase 6b (EE), a constitutive activator of p38, stimulated the
expression of atrial natriuretic factor (ANF), which is a genetic marker of in vivo cardiac hypertrophy.
Activation of p38 was required for ANF expression induced by the hypertrophic agonists. Furthermore, a
specific p38 inhibitor, SB202190, significantly changed hypertrophic morphology induced by the agonists.
Surprisingly, activation of JNK led to inhibition of ANF expression induced by MEK kinase 1 (MEKK1) and
the hypertrophic agonists. MEKK1-induced ANF expression was also negatively regulated by expression of
c-Jun. Our results demonstrate that p38 mediates, but JNK suppresses, the development of myocyte hyper-

trophy.

Cardiac hypertrophy is an adaptive physiological process
(49). In response to various extracellular stimuli, myocardium
adapts to increased workloads through the hypertrophy of in-
dividual terminally differentiated myocytes (6, 52). The hyper-
trophic response is characterized by an enlargement of indi-
vidual cells, an increase in the content of contractile proteins
such as myosin heavy chain (MHC), and expression of embry-
onic genes like that for atrial natriuretic factor (ANF) (6). The
hypertrophic response is compensatory in nature, but sus-
tained excessive workloads may lead to heart failure (52).

An important question in studying cardiac hypertrophy is
how extracellular signals are transmitted into myocytes to in-
duce the hypertrophic response. It has been shown that the
proto-oncogene Ha-Ras, the Gag-containing heterotrimeric G
protein, and the interleukin-6 (IL-6) receptor gp130 are critical
mediators in the hypertrophic response in vitro and in vivo (22,
26, 35), through activation of their downstream signaling path-
ways, such as mitogen-activated protein (MAP) kinase path-
ways.

MAP kinase is an essential part of cell signal transduction
machinery and occupies a central position in cell growth,
differentiation, and transformation (44). Several mammalian
MAP kinases have been identified, including extracellular sig-
nal-regulated protein kinase (ERK) (4), c-Jun N-terminal pro-
tein kinase (JNK) (also known as SAPK, for stress-activated
protein kinase) (12, 21, 34), and p38 (also known as Mkp2/
CBSP) (19, 37, 59). The ERK pathway consists of Ha-Ras,
Raf-1, MEK, and ERK (10, 11, 24, 31, 61, 73). ERK activity
can be stimulated by a variety of extracellular stimuli and
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oncogenes (7). ERK in turn activates several cellular protein
kinases (ribosomal S6 kinase, MAP kinase-activated protein
kinase 2 [MAPAPK?2], and MNKI1) and nuclear transcription
factor Elk (5, 14, 55, 64). Activation of the ERK pathway was
shown to be necessary and sufficient to induce transformation
in NIH 3T3 fibroblasts and to induce differentiation in PC12
chromocytoma cells (9, 42). The JNK pathway is composed of
Ha-Ras, Rac/Cdc42Hs, MEKK, JNK kinase [JNKK], and JNK
(8,13, 23, 30, 36, 38, 41, 47, 48, 53, 60, 70). INK is activated by
various stimuli, including growth factors, cytokines, UV light
irradiation, and oncogenes (29). Stimulation of JNK activity
results in activation of several transcription factors such as
c-Jun, ATF2, Elk, and Sap-1 (12, 18, 21, 28, 55, 72). The
biological functions of the JNK pathway, however, remain to
be elucidated. Several recent reports suggest that the JNK
pathway may be involved in regulation of programmed cell
death (apoptosis), but its precise role in apoptosis remains
controversial (17, 40, 50, 74, 77). The signaling pathway that
leads to p38 activation is still incomplete. The MAP kinase
kinases (MKKs) for p38 are JNKK1, MKK3, and MKK®6, and
the MKK kinases may include Takl and Ask1 (20, 27, 39, 56,
75). p38 can be activated by proinflammatory cytokines such as
IL-1 and tumor necrosis factor (TNF) and by environmental
stresses such as UV irradiation and osmotic pressures (19, 37,
59). The biological functions of p38 have yet to be determined.

The role(s) of MAP kinase pathways in the development of
the hypertrophic response has been studied extensively but is
still far from conclusive. ERK can be activated by hypertrophic
agonists such as endothelin-1 (ET-1), phenylephrine (PE), and
angiotensin II in a Ha-Ras- and Raf-1-dependent manner (3,
54, 65, 67, 76). But the role played by the ERK pathway in the
hypertrophic response is controversial. It was reported that
ANF expression was stimulated by activated mutants of Raf-1,
Raf-1(B X B), and MEK1, MEK1(ANED) (16, 67), suggesting
that the ERK pathway is required for mediating the hy-
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pertrophic response. On the other hand, it was found that ANF
expression was blocked by MEK1(ANED) and by the activa-
tion of ERK and was unaffected by a specific MEK1 inhibitor,
PD098059 (54, 68, 69). In Ras transgenic mice, it was also
found that ERK activation was not involved in the develop-
ment of the hypertrophic response, including ANF expression
(57). It is agreed, in general, that ERK activation is insufficient
for transcriptional activation of the ANF gene (54, 57, 69).

Hypertrophic agonists such as PE also stimulated JNK ac-
tivity (57, 69). In addition, MEKKI1, the MKK kinase for JNK,
was able to stimulate ANF expression (57, 69). But it is not
clear whether activation of JNK is necessary and/or sufficient
for the development of myocyte hypertrophy.

Here we show that p38 activity was stimulated by and re-
quired for ANF expression by hypertrophic agonists like ET-1,
PE, and leukemia inhibitory factor (LIF) in rat neonatal ven-
tricular myocytes. Activation of p38 by itself was also sufficient
to stimulate ANF expression. In addition, the specific p38 in-
hibitor SB202190 significantly changed the hypertrophic mor-
phology induced by ET-1 and LIF. In contrast, activation of
JNK inhibited ANF expression induced by MEKKI1 and the
hypertrophic agonists. Our results demonstrate that p38 and
JNK had opposing effects on the development of myocyte
hypertrophy.

MATERIALS AND METHODS

Cell cultures. Rat neonatal ventricular myocytes (referred to hereafter in this
work as myocytes, for simplicity) were prepared from the hearts of 1- to 3-day-old
Sprague-Dawley rats, as described previously (62). Ventricles were separated
from atrial tissue and washed briefly in digestion solution (116 mM NaCl, 20 mM
HEPES, 1 mM NaH,PO,, 5.5 mM glucose, 5.4 mM KCl, 0.8 mM MgSO, [pH
7.35], collagenase [95 U/ml], and pancreatin [0.6 mg/ml]). The myocytes were
dissociated in fresh digestion buffer and collected by centrifugation. The isolated
cells, which were a mixture of myocytes and nonmyocyte fibroblasts, were sus-
pended in plating media (Dulbecco’s modified Eagle’s medium and medium 199
at a ratio of 4:1) and plated onto 150-mm-diameter noncoated culture dishes for
1 h to reduce contaminated cardiac fibroblasts, which often constitute 5% of the
cardiac cells and can attach to noncoated culture dishes. After a 1-h incubation,
unattached cells were collected and more than 95% of the cells were myocytes as
determined by cell morphology and myosin staining. Myocytes were purified by
Percoll gradient, replated at a density of 1.5 X 10° in plates precoated with 1%
gelatin or 1 X 10° in 25-mm-diameter etched coverslips and grown in plating
media. After 24 h, the media were replaced by serum-free media (DMEM and
medium 199; 4:1), supplemented with 2 mM glutamine, penicillin (100 U/ml),
and 100 streptomycin (100 mg/ml).

c¢DNA constructs. Expression vectors of MEKKA, JNK1, INK1(APF), JNKK1,
INKKI1(AA), p38, p38(Y—F), MKK6b, MKK6b(EE), c-Jun, c-Jun(A63), GALA-
c-Jun, GAL4—c-Jun(AA63/73), GAL4-Elk, and GAL4-Elk (AA383/389) have
been described elsewhere (19, 20, 21, 25, 39, 41, 54). Reporter genes of ANF-
luciferase (ANF-Luc), in which the full-length rat ANF promoter (at position
—3003) was fused to firefly luciferase gene, and 5XGAL4-Luc, in which the
GAL4 DNA-binding domain was fused to the luciferase gene, have also been
described previously (39, 41, 62).

Fusion proteins. Glutathione-S-transferase (GST)-c-Jun, GST-ATF2, and
GST-hsp27 were purified on glutathione-agarose, as described previously (39,
48).

Transfections. Myocytes were transiently transfected with mammalian expres-
sion vectors encoding p38, p38(Y—F), MKK6b, MKK6b(EE), MEKKA, JNK1,
JNKI1(APF), INKK1, INKKI(AA), c-Jun, c-Jun(A63), GAL4-c-Jun, GAL4—c-
Jun(AA63/73), GAL4-Elk, GAL4-Elk(AA383/389), and appropriate luciferase
reporter genes by using Tfx-20 (Promega), according to the manufacturer’s
procedure. After transfection, cells were washed three times and maintained in
serum-free medium with or without ET-1 (10 nM), PE (50 uM), and LIF (1 nM)
in the absence or presence of specific p38 inhibitor SB202190 (20 pM), or the
specific MEKI1 inhibitor PD098059 (50 wM) for 48 h. Luciferase assays were
performed as described before (39).

Immunofluorescence staining. Purified cardiac myocytes (10* cells/cm?) were
cultured in serum-free medium in the presence or absence of 10 nM ET-1 or 1
nM LIF and in the presence or absence of the specific p38 inhibitor SB202190
(10 wM) for 4 days. The cells were then washed with phosphate-buffered saline,
fixed with 4% paraformaldehyde for 30 min at 25°C, and washed three times.
Immunostaining was performed as described previously (62). Anti-a-MHC
monoclonal antibody (a gift from Jim Lin, University of Iowa, Iowa City) was
used to identify cardiac myocytes.
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FIG. 1. Activation of p38, JNK, and ERK in myocytes. (A) Myocytes were
grown in serum-free medium for 24 h and then treated with ET-1 (10 nM) or PE
(50 uM) for the indicated times or left untreated. The cells were harvested after
stimulation, and whole-cell extracts were prepared. Endogenous p38 was immu-
noprecipitated from cell extracts (30 wg) with anti-p38 antibody, and its activity
was measured in immune complex kinase assays with GST-ATF2 (2 pg) as a
substrate. (B) Endogenous JNK was immunoprecipitated from cell extracts
(30 wg) with anti-JNKI1 antibody, and its activity was measured in immune
complex kinase assays with GST—c-Jun (2 pg) as a substrate. (C) Endogenous
ERK was immunoprecipitated from cell extracts (30 pg) with anti-ERK anti-
body, and its activity was measured in immune complex kinase assays with MBP
(4 pg) as a substrate. For all panels, fold stimulation is indicated below each lane.

- < MBP

Kinase assays. JNK, p38, ERK, and MAPKAPK?2 assays were performed as
described previously (39, 41, 59). Briefly, myocytes were serum starved for 24 h
and then treated with or without agonists for various times as indicated in the
figure legends. The cells were harvested in lysis buffer and clarified by centrifu-
gation. Endogenous JNK, p38, ERK, and MAPKAPK2 were immunoprecipi-
tated with their specific antibodies for 3 h at 4°C. The activity of the immune
complex was assayed at 30°C for 30 min in 30 pl of kinase buffer (39) in the
presence of 10 puM ATP-10 p.Ci of [y-**PJATP (10 Ci/mmol) with appropriate
substrates, as indicated in the figure legends. The reactions were terminated with
Laemmli sample buffer. The proteins were resolved by sodium dodecyl sulfate—
13% polyacrylamide gel electrophoresis followed by autoradiography. The phos-
phorylated proteins were quantitated by a Phospholmager.

RESULTS

Activation of p38 kinase activity in myocytes. p38 can be
activated by various extracellular stimuli, including proinflam-
matory cytokines IL-1 and TNF, and environmental stress,
such as UV irradiation (1, 19, 37, 59). Since the hypertrophic
response in myocytes is a unique type of cellular stress re-
sponse (1, 51), we tested whether hypertrophic agonists can
also stimulate p38 activity in myocytes.

Myocytes were isolated and grown in serum-free media for
24 h as described previously (62). The cells were treated with
ET-1 and PE for various times as indicated (Fig. 1A). Endog-
enous p38 was immunoprecipitated with anti-p38 antibody
(PharMingen, Inc.) and its activity was measured in immune
complex kinase assays with GST-ATF2 as a substrate, as de-
scribed previously (41, 47). We found that p38 activity was
significantly stimulated by ET-1 and PE, and the stimulation
lasted a few hours (Fig. 1A). p38 activity was also mildly stim-
ulated by LIF (data not shown). This result demonstrates that
p38 activity can also be stimulated by stimuli that induce myo-
cyte hypertrophy.

We also examined the regulation of JNK and ERK activities
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FIG. 2. Activation of p38 stimulates gene transcription in myocytes. (A) Myo-
cytes were cotransfected with a 5X GAL4-Luc reporter plasmid (1 pg/plate) and
expression vectors encoding p38, MKK6b, and/or MKK6b(EE) (300 ng each)
and/or GAL4-Elk or GAL4-Elk(Ala383/389) (10 ng each) in the presence (+) or
absence of the specific p38 inhibitor SB202190 (20 uM) as indicated. After 48 h,
cells were harvested, and luciferase activity was determined and normalized to
the protein content of each extract. Luciferase activity expressed by cells trans-
fected with pSRa was given an arbitrary value of 1. The results are presented as
means * standard errors (error bars) and represent six individual experiments.
(B) Myocytes were transfected with expression vectors encoding MKK6b, M2-
Flag-tagged p38, or empty vector (3 pg each) as indicated. M2-p38 was immu-
noprecipitated with anti-M2 antibody (Kodak Inc.), and its activity was measured
as described in the legend to Fig. 1A.

in myocytes by ET-1 and PE. Endogenous JNK was immuno-
precipitated with anti-JNK antibody (PharMingen, Inc.) and its
activity was measured in immune complex kinase assays with
GST-c-Jun as a substrate, as described previously (39, 41).
Like p38, JNK activity was stimulated by ET-1 and PE and the
activation lasted a few hours (Fig. 1B). JNK activity was also
mildly stimulated by LIF (data not shown). This result is con-
sistent with and reinforces earlier reports that PE was able to
stimulate JNK activity in myocytes (57, 69).

In contrast, endogenous ERK activity was stimulated by ET-
1 and PE transiently, as measured by immune complex kinase
assays using anti-ERK antibody (Upstate Biotechnology Inc.)
with MBP (myelin basic protein) as a substrate (Fig. 1C), in
agreement with an earlier report (3).

Activation of p38 results in stimulation of transcription fac-
tor EIk activity in myocytes. In several cell systems, p38 activity
can be stimulated by coexpression of p38 with MKKG6b, or by
expression of constitutively activated MKK6b(EE), in which
the activating phosphorylation residues Ser207 and Thr211 were
replaced by glutamic acids (25). The activation of p38 leads to
the stimulation of transcription factor Elk activity (56). Using
transcription assays, we tested whether the activation of p38
can lead to the stimulation of Elk activity in myocytes.

Myocytes were transfected with expression vectors of p38,
MKKG6b, or MKK6b(EE) or empty vector, along with a GAL4-
Elk fusion protein, in which the Elk transactivation domain
was fused to the GAL4 DNA-binding domain (43). Expression
of MKK6b(EE), or coexpression of p38 with MKK6b stimu-
lated GAL4-EIk activity manyfold, as measured by a SX GALA-

MoL. CELL. BIOL.

Luc reporter gene (Fig. 2A). In contrast, coexpression of p38
with MKKG6b did not stimulate the activity of the GAL4-Elk
(AA383/389) mutant, in which both p38 phosphorylation res-
idues Ser383 and Ser389 were replaced with alanines (Fig. 2A).
The stimulation of GAL4-Elk activity is dependent on p38
activation, since it was inhibited by the specific p38 inhibitor
SB202190 (Fig. 2A). Coexpression of p38 and MKK6b also
stimulated p38 kinase activity, as measured in immune com-
plex kinase assays with GST-ATF2 as a substrate (Fig. 2B).
These results demonstrate that activation of p38 is sufficient to
stimulate its reporter gene expression in myocytes.

Activation of p38 by itself is sufficient to induce ANF ex-
pression. ANF expression is an important genetic marker of
cardiac hypertrophy in vitro and in vivo (6). To determine the
effect of p38 activation on ANF expression, we tested whether
p38 activation was able to stimulate ANF promoter activity.

Myocytes were transfected with an ANF-Luc reporter gene
along with expression vectors encoding MKK6b(EE) or empty
vector. Expression of MKK6b(EE) stimulated ANF-Luc activ-
ity manyfold (Fig. 3), yet this result does not rule out the pos-
sibility that MKK6b(EE) may stimulate ANF expression in a
p38-independent manner, as it does in the induction of T-lym-
phocyte apoptosis (25). Therefore, we tested whether MKK6b
(EE)-induced ANF expression is due to activation of p38.

Myocytes were transfected with the ANF-Luc reporter gene
along with expression vectors encoding p38, MKK6b, or empty
vector. Expression of p38 or MKKG6b alone was able to stimu-
late ANF-Luc activity mildly (Fig. 3). Coexpression of p38 and
MKKG6b together stimulated ANF-Luc activity manyfold (Fig.
3). The effect of MKKG6D is dependent on p38 activation, since
MKKG6D failed to stimulate ANF-Luc activity when it was co-
transfected with an inactive p38(Y—F) mutant, in which one of
the activating phosphorylation residues, Tyr182, was replaced by
phenylalanine (Fig. 3). Furthermore, the specific p38 inhibitor
SB202190 completely blocked the effect of p38/MKK6b and
MKKG6b(EE) (Fig. 3). The inhibition was specific, since the
dose response of ANF promoter inhibition was well correlated
with the dose response of p38 inhibition to SB202190 (data not
shown). These results demonstrate that activation of p38 by
itself is sufficient to stimulate ANF expression.
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FIG. 3. Activation of p38 by itself is sufficient to stimulate ANF expression in
myocytes. Myocytes were cotransfected with the ANF-Luc reporter plasmid (1.5
ng/plate) and expression vectors encoding p38, p38(Y—F), MKKG6b, and/or
MKKG6b(EE) (300 ng each), in the presence (+) or absence of the specific p38
inhibitor SB202190 (20 wM) as indicated. After 48 h, the cells were harvested
and luciferase activity was determined and normalized to the protein content of
each extract. Luciferase activity expressed by cells transfected with pSRa was
given an arbitrary value of 1. The results are presented as means = standard
errors (error bars) and represent six individual experiments.
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p38 is required for stimulation of ANF expression by hyper-
trophic agonists. It is known that ET-1 and PE can induce
expression of ANF in myocytes (6). Here we show that they
also stimulate p38 activity (Fig. 1A) and that p38 activation by
itself was sufficient to stimulate ANF promoter activity (Fig. 3).
Therefore, we tested whether activation of p38 is required for
ANF expression induced by these agonists.

Myocytes were cotransfected with the ANF-Luc reporter
gene, along with expression vectors of p38, MKKG6b, or empty
vector. The cells were then treated with or without the hyper-
trophic agonists, as indicated (Fig. 4). Treatment with ET-1
increased ANF-Luc activity sevenfold (Fig. 4A). Coexpression
of p38 with MKKG6b potentiated the effect of ET-1, leading to
110-fold activation (Fig. 4A). The potentiation by p38/MKK6b
was shown in a synergistic manner, since coexpression of p38
with MKKG6b caused only a 60-fold activation (Fig. 4A). How-
ever, p38 may act in a parallel but separate signaling pathway
from the ET-1 signaling pathway, leading to stimulation of
ANF-Luc activity. Therefore, we examined whether the spe-
cific p38 inhibitor SB202190 can inhibit ET-1-induced ANF
expression. Treatment of myocytes with SB202190 completely
inhibited the stimulation of ANF-Luc activity by ET-1 (Fig.
4A), suggesting that p38 acts downstream of ET-1. The mech-
anism of potentiation is likely due to posttranslational modi-
fication of p38 and MKK®, since ET-1 stimulated p38 activity
(Fig. 1A) but did not significantly affect p38 expression (data
not shown).

In parallel experiments, coexpression of p38 with MKK6b
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FIG. 4. p38 mediates the stimulatory effects of ET-1, PE, and LIF on ANF
expression in myocytes. Myocytes were transfected with the ANF-Luc reporter
plasmid (1.5 pg/plate) and expression vectors encoding p38 and MKK6b (300 ng
each). The cells were treated with hypertrophic agonists ET-1 (10 nM) (A), PE
(50 wM) (B), or LIF (1 nM) (C), in the presence (+) or absence of the specific
p38 inhibitor SB202190 (20 uM), as indicated. The ANF-Luc activity was deter-
mined as described in the legend to Fig. 3. The results are presented as means =
standard errors (error bars) and represent six individual experiments.

also potentiated the stimulation of ANF-Luc activity by PE and
LIF (Fig. 4B and C), and this stimulation was also blocked by
the specific p38 inhibitor SB202190 (Fig. 4B and C). These re-
sults demonstrate that the p38 pathway is one of the signaling
pathways that mediate the effects of hypertrophic agonists on
ANF expression.

Inhibition of p38 activity changes the hypertrophic mor-
phology of myocytes. Myocytes were treated with or without
ET-1 and LIF in the presence or absence of the specific p38
inhibitor SB202190 or the specific MEKI1 inhibitor PD098059
as indicated (Fig. 5). The morphologic changes were examined
by immunostaining, as described previously (38, 62). Treat-
ment of myocytes with ET-1 or LIF led to an increase in cell
size and the accumulation and assembly of individual MHC
into organized sarcomeric units (Fig. 5D and G). The specific
p38 inhibitor SB202190 significantly changed the hypertrophic
morphology induced by ET-1 and LIF; the cells became thin-
ner and more elongated instead of enlarged, and the assembly
of myofilament appears in much disarray (Fig. SF and I). The
specific p38 inhibitor SB202190 also changed PE-induced hy-
pertrophic morphology (data not shown). In contrast, the spe-
cific MEK1 inhibitor PD098059 had no significant effect on the
hypertrophic morphology induced by ET-1 and LIF (Fig. SE
and H), in agreement with an earlier report (66). This data
indicates that p38 activation may also be involved in the hy-
pertrophic morphology changes.

Activation of JNK blocks ANF expression induced by MEKK1
and the hypertrophic agonists. The fact that JNK can be ac-
tivated by hypertrophic agonists (Fig. 1B) suggests that the
JNK pathway is involved in the hypertrophic response. We test-
ed this possibility by using MEKKA, an NH,-terminal trun-
cated version of MEKK1 which functions as a constitutive ac-
tivator of JNK (48), since there is no known constitutively
active JNK or JNKK (37a).

We examined whether MEKKA was able to stimulate c-Jun
transcription activity in myocytes, as it does in other cells (39,
41). Myocytes were cotransfected with expression vectors en-
coding MEKKA, JNK1, JNK1(APF), or empty vector along
with a GAL4—c-Jun fusion protein, which consists of the GAL4
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FIG. 5. Inhibition of p38 activity changes the hypertrophic morphology induced by ET-1 and LIF in myocytes. Myocytes were either left untreated (A to C) or were
treated with ET-1 (10 nM) (D to F) or LIF (1 nM) (G to I), in the presence or absence (—) of the specific MEK1 inhibitor PD098059 (50 nM) (B, E, and H) or the
specific p38 inhibitor SB202190 (10 wM) (C, F, and 1), as indicated. After 48 h, the cells were stained with anti-a-MHC monoclonal antibody, followed by fluorescein
isothiocyanate-conjugated anti-mouse immunoglobulin (green). ANF polyclonal antibody was recognized by rhodamine-conjugated anti-rabbit immunoglobulin G

(orange).

DNA binding domain and the c-Jun transactivation domain
(Fig. 6). INK1(APF) is a kinase-deficient mutant, in which the
activating phosphorylation residues Thr183 and Tyr185 were
replaced by alanine and phenylalanine, respectively (12, 41).
Expression of MEKKA-stimulated GAL4—c-Jun transcription
activity manyfold, as measured by the GALA-Luc reporter gene
(Fig. 6). As expected, the effect of MEKKA was potentiated by
cotransfected wild-type JNKI1 and inhibited by the inactive
JNK1(APF) mutant, indicating that MEKK stimulates c-Jun
transcription activity in a JNK-dependent manner in myocytes.
The effect of INK1 on MEKKA-induced GAL—4-c-Jun-driven
expression appeared to be biphasic. In small amounts (10 to
150 ng), JINK1 potentiated the effect of MEKKA on GAL4—c-
Jun-driven expression. However, in larger amounts (300 ng),
JNKT1 failed to continue to potentiate the effect of MEKKA.

Then, we examined the effect of MEKKA on ANF expres-
sion in myocytes by measuring ANF promoter activity. Expres-
sion of MEKKA stimulated ANF expression manyfold, as mea-
sured by ANF-Luc activity (Fig. 7A), in agreement with earlier
reports (57, 69). However, this result does not rule out the
possibility that MEKKA can stimulate ANF expression in a
JNK-independent manner, as it does in the induction of c-myc
and Sap-1 (29, 72). Therefore, we tested whether the effect of
MEKK is due to the activation of JNK.

Myocytes were transfected with the ANF-Luc reporter gene,
along with expression vectors encoding MEKKA, JNK1, JNK1
(APF), INKK1, INKK1(AA), or empty vector. The INKK1(AA)

mutant is an interfering mutant, in which the activating phos-
phorylation residues Ser257 and Thr261 were replaced with ala-
nines (39, 41). Surprisingly, we found that the effect of MEKKA
on ANF expression was inhibited, rather than potentiated, by
cotransfected wild-type JNK1 (Fig. 7A). Conversely, the effect
of MEKKA was potentiated by the inactive JNK1(APF) mu-
tant (Fig. 7A). The effect of MEKKA was also inhibited by
wild-type JNKKI1 and potentiated by the inactive INKK1(AA)
mutant (Fig. 7B). Both inhibition and potentiation are shown
in a dose-dependent manner (Fig. 7A and B). Interestingly, the
effect of wild-type JNK1 (and JNKK1) on MEKKA-induced
ANF expression also appeared to be biphasic. In small amounts
(10 to 150 ng), JNK1 (and JNKK1) inhibited the MEKKA
effect. But in larger amounts (300 ng), JNK1 (JNKKT1) failed to
continue to suppress the MEKKA effect.

The inhibitory effect of JNK on MEKKA-induced ANF ex-
pression appears to be mediated by c-Jun. As shown in Fig. 7C,
coexpression of c-Jun resulted in suppression of MEKKA-
induced ANF expression in a dose-dependent manner. Taken
together, these results indicate that stimulation of ANF expres-
sion by MEKKA is independent of JNK. In fact, activation of
the JNK pathway negatively regulated MEKKA-induced ANF
expression.

Consistent with the findings above, JNK also negatively reg-
ulated ANF expression induced by hypertrophic agonists like
ET-1, PE, and LIF. Transfection of wild-type JNK1 inhibited
the ANF expression (Fig. 8). Conversely, transfection of the
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FIG. 6. Stimulation of c-Jun transcription activity by MEKK1 in myocytes is
through the JNK pathway. Myocytes were transfected with the 5XGAL4-Luc
reporter plasmid (1 pg/plate), GAL4—c-Jun or GAL4-c-Jun(Ala63/73) (10 ng
each), and expression vector encoding MEKKA (10 ng) or JNKI or JNK1
(APF) (amounts as shown) as indicated. The GAL4-Luc activity was determined
as described in the legend to Fig. 2. The results are presented as means *
standard errors (error bars) and represent six individual experiments, except that
the data on 300 ng of JNKI1 represent three individual experiments.

inactive JNK1(APF) mutant potentiated the ANF expression
(Fig. 8).

DISCUSSION

In this report we demonstrate that JNK and p38 MAP ki-
nases have opposing effects on cardiomyocyte hypertrophy.
Activation of p38 is necessary and sufficient for ANF expres-
sion and is probably involved in the induction of the hypertro-
phic morphology changes. On the other hand, activation of JNK
suppresses ANF expression induced by MEKK1 and hypertro-
phic stimuli such as PE and ET-1.

The conclusion that the p38 pathway may be required for the
development of myocyte hypertrophy is based on the following
four lines of evidence.

First, p38 activity was stimulated by hypertrophic agonists,
such as ET-1 and PE (Fig. 1A). The fact that activation of p38
lasted a few hours suggests that it is a relevant event in the de-
velopment of myocyte hypertrophy. This is in agreement with
an earlier report that in vivo, p38 was activated by ischemia
and/or reperfusion in isolated rat hearts (2). In contrast, the
activation of ERK was transient (Fig. 1C), in agreement with
the previous report that the ERK pathway may not be directly
involved in the hypertrophic response (54).

Second, expression of MKK6b(EE), the constitutive activa-
tor of p38, stimulated ANF expression (Fig. 3). The effect of
MKKG6b(EE) was dependent on activation of p38, since coex-
pression of MKK6b with p38, but not the inactive p38(Y—F)
mutant, stimulated ANF expression (Fig. 3). This result was
further supported by the finding that the specific p38 inhibitor
SB202190 completely blocked the effect of MKK6b (Fig. 3).

Third, p38 was required for the induction of ANF expression
by the hypertrophic agonists, including ET-1, PE, and LIF,
though it remains to be determined whether p38 is also re-
quired for the development of other forms of myocyte hyper-
trophy. The effects of the hypertrophic agonists were potenti-
ated by coexpression of p38 with MKK6b, and blocked by
the specific p38 inhibitor SB202190 (Fig. 4). In myocytes, both
ET-1 and PE induce ANF expression and secretion through
yet-to-be defined signaling pathways which involve G proteins
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(Gaq and Gai) (32, 46, 63). The identification of p38 as a
signaling mediator that acts downstream of ET-1 and PE pro-
vides a model system for further elucidation of ET-1 and PE
signaling pathways. LIF is a member of the IL-6 family of cy-
tokines and exerts its biological effects through binding to the
heterodimers formed between its receptor and gp130 (22). It
was reported that the Janus kinase/signal transducer and acti-
vator of transcription (JAK/STAT) signaling pathway may act
downstream of LIF to induce the hypertrophic response in
myocytes (62). It will be of interest to determine the possible
interplay between the p38 pathway and the JAK/STAT path-
way in regard to the development of myocyte hypertrophy.

Fourth, the specific p38 inhibitor SB202190 significantly
changed the hypertrophic morphology induced by ET-1 and
LIF in myocytes (Fig. 5). This result suggests that p38 not only
is required for expression of ANF but also may be involved in
the hypertrophic morphology changes. This finding is of par-
ticular interest since little is known about signaling pathways
that mediate the morphology changes induced by hypertrophic
agonists. It is not known how p38 influences the hypertrophic
morphology changes. Some candidates that may be involved
are Rac and Cdc42Hs. We and others have found that p38 can
be activated by the oncoproteins Rac and Cdc42Hs (33, 58),
both of which are important mediators in actin reorganization
in many other cell systems (58). Rac and Cdc42Hs also stimu-
lated ANF expression in myocytes (49a). It remains to be dem-
onstrated whether Rac and Cdc42Hs are also involved in the
hypertrophic morphology changes, and whether their effects
are dependent on p38 activation.

Our conclusion is further supported by recent reports that
hypertrophic morphology changes and the expression of ANF
gene were induced by recombinant adenoviruses of constitu-
tively active MKK6(EE) and suppressed by the specific p38 in-
hibitor SB202190 (71, 78). The mechanisms by which p38 me-
diates myocyte hypertrophy are currently under investigation.

The role of the JNK pathway in the development of myocyte
hypertrophy is complicated. Like p38, JNK activity was stimu-
lated by hypertrophic agonists, including ET-1 and PE (Fig.
1B). Expression of a small amount (10 ng) of JNK activator,
MEKKA, was sufficient to induce ANF expression (Fig. 7).
These results are in agreement with previous reports (57, 69),
suggesting that the JNK pathway is required for the develop-
ment of myocyte hypertrophy. Surprisingly, we found that
MEKKA-induced ANF expression was not dependent on JNK
activation, since it was blocked by coexpression of wild-type
JNKI1 but potentiated by the inactive JNK1(APF) mutant (Fig.
7A). On the other hand, stimulation of c-Jun transcription
activity by MEKK was dependent on JNK activation (Fig. 6).

The inhibitory effect of JNK1 on MEKKA-induced ANF
expression appears to be mediated by c-Jun, because coexpres-
sion of c-Jun also suppressed MEKKA-induced ANF expres-
sion in a dose-dependent manner (Fig. 7B). This finding is in
agreement with the previous report that expression of c-Jun
suppressed PE-induced ANF promoter activity and the c-Jun
N-terminal transactivation domain was sufficient for this inhi-
bition (45). Although the precise mechanisms by which c-Jun
suppresses MEKKA-induced ANF expression remain to be
determined, it is plausible that phosphorylation of c-Jun on its
N-terminal transactivation domain by activated JNK is re-
quired for c-Jun to interact with yet-to-be-identified limiting
cardiac cofactors, leading to inhibition of ANF expression.

JNKI1 exerted opposing effects on MEKKA-induced GAL4-
c-Jun-driven expression and ANF expression. In small
amounts (10 to 150 ng), JNK1 potentiated MEKKA-induced
GAL4—c-Jun-driven expression but suppressed MEKKA-in-
duced ANF expression. However, in larger amounts (300 ng),
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JNKI1 did not continue to potentiate MEKKA-induced GAL4-
c-Jun-driven expression and also failed to suppress MEKKA-
induced ANF expression. It appears that 300 ng of JNK1 failed
to continue to potentiate the effect of MEKK on GAL4—c-Jun
due to the “squelching” effect (15). Overexpressed JNK1 (300
ng) may titrate GAL4-c-Jun and other limiting cofactors for
transcription, resulting in much less promoter-bound GAL4-
c-Jun and cofactors and decreased GAL4—c-Jun-driven expres-
sion. Since 300 ng of JNKI failed to stimulate c-Jun-driven
expression, it can no longer suppress MEKKA-induced ANF
expression (Fig. 7A).

The conclusion that activation of the JNK pathway results in
inhibition of MEKK-induced ANF expression in myocytes ap-
pears to be contradictory to the earlier report that MEKK
stimulates ANF expression in a JNK-dependent manner (69).
We do not completely understand this discrepancy. However,
it is noteworthy that in the earlier report the amount of inter-
fering mutants of JNKK, JNK, and c-Jun employed to inhibit
MEKK-induced ANF expression was quite large (3 pg of each
per 35-mm-diameter plate) and that the interference was not
shown to be dose dependent (69). In transcription assays, co-
transfection of large amounts of expression vectors may lead to
repression of ANF-Luc expression. In the same earlier report,
it was also found that higher amounts of MEKK expression
vector (0.5, 1, or 3 pg) caused suppression of ANF expression,
though small amounts of MEKK (1, 10, or 100 ng) potentiated
ANF expression (69). In the experiments described in this
report, the effect of JNK (or JNKK) expression vectors was
dose dependent and occurred in a range of smaller quantities
of plasmid (10 to 300 ng per 21-mm-diameter plate) (Fig. 7). In
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FIG. 7. Activation of JNK inhibits MEKK1-induced ANF expression. (A)
Myocytes were transfected with the ANF-Luc reporter plasmid (1.5 pg/plate)
and expression vector encoding MEKKA (10 ng) or JNKI or JNK1 (APF)
(amounts as shown) as indicated. (B) Myocytes were transfected with an ANF-
Luc reporter plasmid (1.5 pg/plate) and expression vectors encoding MEKKA
(10 ng) and/or JNKK1 or JNKK1 (AA) (amounts as shown) as indicated. The
results are presented as means * standard errors (error bars) and represent six
individual experiments. (C) Myocytes were transfected with the ANF-Luc
reporter plasmid (1.5 pg/plate) and expression vectors encoding MEKKA (10 ng)
and/or c-Jun or c-Jun (A63) (amounts as shown), or empty vector as indicated.
The results are presented as means * standard errors (error bars) and represent
three individual experiments. For all panels, the ANF-Luc activity was measured
as described in the legend to Fig. 3.

addition, activation of JNK also inhibited ANF expression
induced by hypertrophic agonists (Fig. 8). It is likely that ac-
tivation of JNK is a cellular stress response to hypertrophic
stimuli and functions as a negative feedback on ANF expres-
sion induced by MEKK or the hypertrophic agonists.

The signaling pathway that mediates the effect of MEKK1
on ANF expression remains to be determined. The effect of
MEKKA can be blocked by the specific p38 inhibitor SB202190
and the specific MEK1 inhibitor PD098059, but there is no
clear correlation between activation of p38 or ERK with the

40
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JNK1 + + + +
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ET-1 + o+ o+

PE + o+ o+
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FIG. 8. Activation of JNK inhibits ANF expression induced by ET-1, PE, and
LIF. Myocytes were transfected with the ANF-Luc reporter plasmid (1.5 pg/
plate) and expression vectors encoding JNK1 or JNK1 (APF) (150 ng each). The
cells were left untreated or were treated with the hypertrophic agonists as
indicated. The ANF-Luc activity was measured as described in the legend to Fig.
3. The results are presented as means * standard errors (error bars) and rep-
resent six individual experiments.



VoL. 18, 1998

effect of MEKKA (49a). Further studies are needed to eluci-
date the mechanism of the MEKK effect on ANF expression.

JNK and p38 are usually coregulated by extracellular stimuli.
It was thought that these two MAP kinases may have similar
functions. Our results, for the first time, demonstrate that ac-
tivation of JNK and p38 has opposing effects on an important
physiological event, myocyte hypertrophy. Activation of p38 in-
duced ANF expression and was probably involved in the hyper-
trophic morphology changes, while activation of JNK inhibited
ANF expression. This observation may provide an opportunity
to investigate how differential effects can be induced by simi-
larly regulated protein kinases.
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