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The mitogen-activated protein kinase p38 plays a critical role in inflammation, cell cycle progression,
differentiation, and apoptosis. The activity of p38 is stimulated by a variety of extracellular stimuli, such as the
proinflammatory cytokine tumor necrosis factor alpha (TNF-a), and subjected to regulation by other intra-
cellular signaling pathways, including the cyclic AMP (cAMP) pathway. Yet the underlying mechanism by
which cAMP inhibits p38 activation is unknown. Here we show that the induction of dynein light chain (DLC)
by cAMP response element-binding protein (CREB) is required for cAMP-mediated inhibition of p38 activa-
tion. cAMP inhibits p38 activation via the protein kinase A-CREB pathway. The inhibition is mediated by the
CRERB target gene Dic, whose protein product, DLC, interferes with the formation of the MKK3/6-p38 complex,
thereby suppressing p38 phosphorylation activation by MKK3/6. The inhibition of p38 activation by cAMP
leads to suppression of NF-kB activity and promotion of apoptosis in response to TNF-a. Thus, our results
identify DLC as a novel inhibitor of the p38 pathway and provide a molecular mechanism by which cAMP

suppresses p38 activation and promotes apoptosis.

p38 is a subfamily of the mitogen-activated protein kinase
(MAPK) superfamily (23, 56), with two ubiquitously expressed
isoforms, p38a and p38B, and two tissue-specific isoforms,
p38y and p383 (74). p38 is activated by a variety of extracel-
lular stimuli, from the physical stresses, such as UV and os-
motic shock, to proinflammatory cytokines like interleukin-1
(IL-1) and tumor necrosis factor alpha (TNF-a) (74). The
activation of p38 is mediated by sequential protein phosphor-
ylation through a MAPK module, i.e., MAP3K—MAP2K—
MAPK (33, 36). Three MAP2Ks (MKK3, JINKK1/MKK4, and
MKKG6) and several MAP3Ks (ASK1, DLK/MUK/ZPK,
TAK-1, and MEKKSs) have been reported to be involved in p38
activation (5, 12, 24, 35, 74). In addition, the enzymatic activity
of p38 can be enhanced by TAKI-binding protein 1, which
interacts with p38 and stimulates the autophosphorylation of
the latter (19). The activation of p38 can also be regulated by
cytoskeletal structures. p150°™<4, which is a key component of
the cytoplasmic dynein-dynactin motor complex, interacts with
and is required for sorbitol-induced activation of MKK3 and
MKK6 (MKK3/6) (8). Consistently, disruption of microtubules
and dynein-dynactin motor complex interferes with the activa-
tion of MKK3/6 (8). Furthermore, the activation of p38 is
regulated by other intracellular signaling pathways, such as the
cyclic AMP (cAMP) pathway (6, 9, 17, 51, 54). Once activated,
p38 phosphorylates and regulates the activities of several tran-
scription factors, such as ATF-2, Elk, MEF2A, NF-AT, and
Sap1 (74), and nontranscription factors, such as MAPKAPK?2,
MNKI1, PRAK, and MSKI1 (74). Recent studies also show that
p38 phosphorylates RelA/p65, which is the major transactivat-
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ing subunit of the transcription factor NF-kB, thereby stimu-
lating its transcriptional activity (43). Enormous evidence
shows that p38 plays a central role in regulating many cellular
processes, including inflammation, cell cycle progression, dif-
ferentiation, and apoptosis (74).

The second messenger cAMP is produced from ATP by
adenylyl cyclases (AC) and can be degraded to 5'-AMP by
phosphodiesterases (27, 63). AC is stimulated by a variety of
extracellular stimuli, such as hormones, growth factors, and
neurotransmitters through G-protein (Gs)-coupled membrane
receptors (63). In addition, AC can be activated by pharmaco-
logical agents, such as forskolin (FSK), which is a direct acti-
vator of AC (59), isoproterenol, which is a synthetic agonist for
the B-adrenergic family of receptors (3), or cholera toxin
(CTX), which causes constitutive activation of Gs by stimulat-
ing ADP-ribosylation of its a-subunit (41). cCAMP regulates
many cellular activities, from proliferation to apoptosis, in a
cell type-dependent manner (49, 60, 62, 70, 71). The biological
functions of cCAMP are mediated by its downstream effectors
like protein kinase A (PKA) (14, 16) and cAMP-regulated
guanine nucleotide exchange factors (cAMP-GEFs) (cAMP-
GEF-I and cAMP-GEF-II, also known as Epac, exchange pro-
teins directly activated by cAMP [10, 13, 61]). PKA holoen-
zymes (PKAI and PKAII) are heterotetramers that are
composed of two regulatory subunits and two catalytic subunits
(14, 16). PKALI contains regulatory subunit RI and localizes in
the cytoplasm (16), whereas PKAII contains regulatory subunit
RII and concentrates in juxtamembranes and cellular or-
ganelles (16). Increased intracellular cAMP binds to and in-
duces the R subunits to dissociate from the C subunits (14, 16),
allowing the latter to phosphorylate nontranscription factors,
such as the proapoptotic Bcl-2 family protein BAD, and
thereby inhibit its activity (25), or translocate into the nucleus
to phosphorylate transcription factors, such as cAMP response
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element-binding protein (CREB) at Ser133 (45). The phos-
phorylation of CREB potentiates its transcription activity via
recruitment of several transcription coactivators, such as CBP
and p300 (2, 45), thereby stimulating expression of target genes
that are involved in many cellular activities (30, 76). The newly
discovered cAMP-GEFs mediate some of the biological func-
tions of cAMP in a PKA-independent manner (10, 13, 61). The
activity of cAMP-GEFs is stimulated upon binding to cAMP,
and in turn it activates the small Ras-like GTPase Rap I
through promoting the exchange of GDP to GTP (10, 13, 61).
GTP-bound, activated Rap I has been shown to be involved in
many cellular events, including proliferation, differentiation,
T-cell anergy, and platelet activation (10, 13, 61).

The cAMP signaling pathway has been reported to regulate
p38 activity in a cell context-dependent manner, being either
inhibitory or stimulatory (6, 9, 17, 51, 54). cAMP inhibits p38
activation induced by iron chelators, lipopolysaccharide, or
thrombin in HL-60, macrophages, and epithelial cells (9, 17,
51). However, cAMP may also activate the p38 pathway, since
activation of p38 and its upstream kinase MKK3 is required for
induction of cAMP-target gene uncoupling protein 1 (UCP1)
in adipocytes (6, 54). Yet in either case the underlying mech-
anism is unknown. In this report, we show that, at least in
HeLa cells and fibroblasts, cAMP disrupts the formation of the
MKK3/6-p38 complex via CREB-induced dynein light chain
(DLC) (also known as PIN/LCS), which is a key component of
the dynein-dynactin motor and regulates many signaling mol-
ecules and enzymes (15, 31, 32, 39, 47, 50, 53, 57, 67), thereby
inhibiting p38 activation. The inhibition of p38 by cAMP leads
to suppression of NF-«kB activation and promotion of apopto-
sis in response to TNF-«. Thus, our data provide a molecular
mechanism by which cAMP inhibits p38 activation for apopto-
sis.

MATERIALS AND METHODS

Cell culture. Rat-1, NIH 3T3, and human fibrosarcoma HT-1080 cells were
grown in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum, 2 mM glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin.
Murine hematopoietic FL5.12 cells were a gift from Stanley Korsmeyer and were
cultured in ISCOVE’S medium, supplemented with 10% Wehi supernatant con-
taining IL-3, 5% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin.

Reagents. Antibodies against Flag (M2) tag, dynein intermediate chain, B-ac-
tin, forskolin, isoproterenol, cholera toxin, prostaglandin PGE2, epinephrine,
kemptide, Hoechst 33258, emetine, actinomycin D, and KG501 were from
Sigma. 8-pCPT-2'-O-Me-cAMP and 6-MB-cAMP were from Biolog. Antibodies
against CREB, phospho-CREB, p38, phospho-p38, and phospho-MKK3/6 were
from Cell Signaling. Antibodies against hemagglutinin (HA), MKK3/6, dynein
heavy chain, and dynein light chain were from Santa Cruz. Antibodies against
p50 dynamitin and p1509™<? were from BD Company. Mouse IL-18 and TNF-a
were purchased from R&D Systems. The cell-permeative and myristoylated PKA
inhibitor (MyPKI) and SB203580 were from Calbiochem. [y-*?P]JATP (3,000
mCi/nmol) was from Dupont NEN.

Plasmids. Expression vectors of M2-p38, M2-p38(Y182F), HA-MKK6b, HA-
MKK6b(EE), IL-8-LUC, EVX-LUC, GAL4-LUC, GALA4-Elk, and GAL4-
CREB have been described elsewhere (2, 24, 28, 35, 40, 48). The rat DLC
(rDLC) clone was from Openbiosystems. pcDNA3.1 Xpress-rDLC was gener-
ated by addition of an N-terminal Xpress tag to rDLC and confirmed by DNA
sequencing. pcDNA3.1 M2-PKAca was generated by addition of an N-terminal
M2 tag to PKAca and confirmed by DNA sequencing. Transfection was per-
formed by using ExGen500 (MBI Fermentas) according to the manufacturer’s
protocol. Luciferase assays were performed as described before (35).

RNA interference and adenoviruses. Small interfering RNAs (siRNAs) that
target rat CREB and rDLC mRNAs were designed based on nucleotides 653 to
671 (rat CREB) and 532 to 550 (rDLC) relative to the translation start sites,
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respectively, and purchased from Dharmacon. Cells were transfected with
siRNAs using Lipofectamine 2000 (Invitrogen), according to the manufacturer’s
protocol. Recombinant adenovirus containing ACREB (kindly provided by
Chen-Ming Fan, Carnegie Institution of Washington) was constructed by sub-
cloning ACREB cDNA (1) into pTRACK CMYV and then inserting it into
pAdeasy-1 by homologous recombination. The viral preparation and purification
was carried out as described previously (37, 65). Cells were infected with ade-
novirus at a final concentration of 3 X 10'° PFU/ml (multiplicity of infection =
300).

In vitro PKA kinase assays. Cell extracts were incubated with the fluores-
cence-labeled PKA substrate kemptide in a kinase reaction, according to the
manufacturer’s protocol. The phosphorylated kemptide was separated from non-
phosphorylated kemptide by 0.8% agarose electrophoresis. The fluorescent im-
ages were taken with a luminescent image analyzer, LAS-3000 (Fujifilm), and
analyzed quantitatively (26).

Immune complex kinase assays, immunoprecipitation, and immunoblotting
analysis. Immune complex kinase assays were performed and quantitated as
described previously (35, 75). For coimmunoprecipitation analysis, Rat-1 cells
were cotransfected with mammalian expression vectors encoding HA-MKKG6b,
M2-p38, and Xpress-DLC. After 30 h, cells were harvested and lysed in lysis
buffer (20 mM Tris, pH 7.6, 250 mM NaCl, 3 mM EDTA, 1.5 mM EGTA, 10 mM
p-nitrophenylphosphate, 1 mM Na;VO,, 1% Nonidet P-40, 1 mM dithiothreitol,
and 10 pg/ml aprotinin). After clarification by centrifugation, cell lysates (1 mg)
were incubated with anti-M2 monoclonal antibody in the presence of 30 pl (50%
[vol/vol]) of protein A-Sepharose beads at 4°C for 4 h. Immunoblotting analysis
was done as described previously (64, 66).

Apoptosis assays. Cells were stained with Hoechst (H33258), and nuclear
condensation and DNA fragmentation were visualized by fluorescence micros-
copy, as described previously (37, 66, 72, 75).

RESULTS

Elevation of cAMP inhibits p38 activity and phosphoryla-
tion. To investigate the regulation of p38 by cAMP, Rat-1 cells
were pretreated with cAMP elevation agents (forskolin, iso-
proterenol, or cholera toxin) for 30 to 60 min, followed by
stimulation with or without TNF-a for 15 min. Immune com-
plex kinase assays showed that TNF-a-stimulated p38 activity
was profoundly inhibited by forskolin, isoproterenol, or chol-
era toxin (Fig. 1A). Immunoblotting analysis revealed that
TNF-«a- or IL-1B-induced phosphorylation of p38 at Thr180
and Tyr182, which is required for p38 activation (5, 74), was
also significantly inhibited (Fig. 1B and C), suggesting that
cAMP inhibits the activation of p38 by its upstream kinases.
Consequently, TNF-a- or IL-1B-stimulated transcriptional ac-
tivity of Elk, which is regulated by p38, was also inhibited by
forskolin, isoproterenol, or cholera toxin (Fig. 1D). TNF-a- or
IL-3-induced phosphorylation of p38 was also inhibited by
forskolin, isoproterenol, or cholera toxin in several other cell
lines, such as HT-1080, NIH 3T3, and FL5.12 cells (Fig. 1E and
F). Similar results were obtained when cells were pretreated
with physiologically relevant cAMP inducers, such as prosta-
glandin PGE2 and epinephrine (Fig. 1G). Taken together,
these data suggest that cAMP negatively regulates p38 activa-
tion by TNF-a, IL-1B, and IL-3 in the cell lines examined.

PKA is required for cAMP-mediated inhibition of p38 acti-
vation. PKA is the most important effector of cAMP action,
although other cAMP-binding proteins, such as cAMP-GEFs,
can mediate some of the biological functions of cAMP in a
PKA-independent manner (10, 13, 14, 16, 61). To determine
whether PKA is involved in cAMP-mediated inhibition of p38
activation, Rat-1 cells were pretreated with or without forsko-
lin, isoproterenol, or cholera toxin for various periods of times
and then stimulated with TNF-«a or left untreated. Immuno-
blotting analysis revealed that TNF-a-induced p38 phosphor-
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FIG. 1. cAMP inhibits p38 activation by TNF-a, IL-1B, and IL-3. (A-C) Rat-1 cells were pretreated with or without forskolin (FSK (20 pM,

30 min), isoproterenol (ISO) (200 uM, 30 min), or cholera toxin (CTX) (100 ng/ml, 60 min), followed by stimulation with or without TNF-a (A
and B) or IL-1B (C) (5 ng/ml, 15 min each). The activity of endogenous p38 was measured by immune complex kinase assays (KA) with purified
GST-ATF2 (2 pg) as the substrate (A). Phosphorylation and expression of p38 were analyzed by immunoblotting (IB) with anti-phospho-p38 and
anti-p38 antibodies, respectively (B and C). (D) Rat-1 cells were cotransfected with Gal4-LUC (0.2 png) and Gal4-Elk (0.05 pg). After 30 h, cells
were pretreated with FSK, isoproterenol, or CTX as described for panel A, followed by stimulation with or without TNF-a or IL-18 (5 ng/ml, 10 h
each). LUC activity was determined as described previously (35). (E) Inhibition of TNF-a-induced p38 phosphorylation by cAMP in HT-1080 and
NIH 3T3 cells was analyzed as described for panel B. (F) FL5.12 cells were deprived of IL-3 for 2 h, followed by IL-3 readdition for 10 min. Cells
were treated with or without FSK (20 wM, 30 min) prior to IL-3 readdition. Phosphorylation and expression of p38 were analyzed by immuno-
blotting. (G) Rat-1 cells were pretreated with or without prostaglandin PGE2 (PG) (20 uM, 15 min) or epinephrine (Ep) (20 uM, 30 min) before
stimulation with or without TNF-a (5 ng/ml, 15 min). The activity and phosphorylation of p38 were analyzed by immune complex kinase assays

and immunoblotting, respectively.

ylation was inhibited by forskolin or isoproterenol in a biphasic
manner. The inhibition occurred from 30 to 60 min after the
pretreatment with forskolin or isoproterenol (Fig. 2A), de-
creased at 90 min, and completely diminished at 180 min after
the pretreatment (Fig. 2A). Under these conditions, PKA was
significantly activated by the pretreatment with forskolin or
isoproterenol, as measured by phosphorylation of the fluoro-
genic specific PKA substrate kemptide (Fig. 2A). Activation of
PKA occurred at 15 min and lasted up to 60 min after the
pretreatment (Fig. 2A), corresponding to the inhibition of
TNF-a-induced p38 phosphorylation (Fig. 2A). Similar results
were obtained with cholera toxin, which induced much slower
but sustained inhibition of p38, which occurred at 60 min and
lasted up to 120 min after the pretreatment (Fig. 2B). PKA
activation by cholera toxin also had a slower kinetics, which
occurred at 30 min after the pretreatment but was sustained up
to 120 min, again corresponding to its inhibition of p38 phos-
phorylation (Fig. 2B).

To determine whether PKA is required for cAMP-mediated
inhibition of p38, we used MyPKI, which is a specific cell-
permeative PKA inhibitor (20, 46). Rat-1 cells were treated

with forskolin in the presence or absence of MyPKI. PKA
kinase assays showed that activation of PKA by forskolin was
inhibited by MyPKI in a dose-dependent manner (Fig. 2C).
Treatment of cells with MyPKI reversed forskolin-mediated
inhibition on TNF-a-induced p38 phosphorylation and activa-
tion (Fig. 2D) and the transcription activity of Elk (data not
shown). To test whether PKA directly inhibits p38 via protein
phosphorylation, Rat-1 cells were transfected with mammalian
expression vector encoding M2-PKAca, which is the catalytic
subunit of PKA and is constitutively active when transfected
into cells (14). Immune complex kinase assays showed that
M2-PKAca did not phosphorylate purified glutathione
S-transferase (GST)—p38 proteins (Fig. 2E) but readily phos-
phorylated its known substrate, GST-BAD (Fig. 2E) (25). The
inability of M2-PKAca to phosphorylate GST-p38 was not due
to the possibly poor quality of the GST fusion protein, since
GST-p38 was efficiently phosphorylated by active HA-
MKKG6b(EE) (data not shown). These results, in combination
with the observations that there was a delay between the acti-
vation of PKA and the inhibition of p38 by forskolin, isopro-
terenol, and cholera toxin (Fig. 2A and B), suggest that PKA is



1226 ZHANG ET AL.

A

Time (min)
0 0 15 30 60 90 120 180 Pre-cAMP

+ o+ o+ o+ o+ o+ o+ TNF-o.
|B = == = e = == e <+ P-p38

B— — — — — — — — P38

I - cerpice

IB“'-———--—-.......—-'i—P-DSB

IB = = e — — —— — —— +p38

I - - +ompice

FSK ‘

PKA KA

10 |

PKA KA

B
Time (min)
0 0 30 60 90 120 Pre-cAMP
+ + o+ o+ * TNF-a
1B ~—— e e 4~ P-p38

IB —

CTX‘
— — ——— ..._.-1—p33

R < P-kemptide

PKA KA

MoL. CELL. BIOL.

Cc

+ 0+ + + + FSK
0 0 1 5 10 20 MyPKI (M)

prca Y+ P-+emptice

D
Ctrl MyPKI
+ o+ + o+ TNF-o.
+ + FSK
KA — w4 GST-ATF2
1B SUR—— X
B —— — — — — «p38
E
GST-BAD GST-p38
+ + + 4+ M2-PKAco
+ + PKI
<+ GST-p38
KA -— <+ GST-BAD

FIG. 2. cAMP inhibits p38 activation in a PKA-dependent manner. (A and B) Rat-1 cells were pretreated with or without FSK (20 uM), ISO
(200 pM), or CTX (100 ng/ml) for various times as indicated, followed by stimulation with or without TNF-a (5 ng/ml, 15 min). Phosphorylation
and expression of p38 were analyzed by immunoblotting, and PKA activity was measured by phosphorylation of the fluorogenic kemptide,
respectively. (C) Rat-1 cells were pretreated with various doses of the specific PKA inhibitor MyPKI for 30 min, followed by treatment with or
without FSK (20 pM, 30 min). PKA activity was determined as in panel A. (D) Rat-1 cells were pretreated with or without MyPKI (10 pM, 30
min) prior to FSK treatment (20 pM, 30 min). After stimulation with TNF-« (5 ng/ml, 15 min), the activity and phosphorylation of p38 were
analyzed by immune complex kinase assays and immunoblotting, respectively. (E) Rat-1 cells were transfected with mammalian expression vector
encoding M2-PKAca (4 pg). After 40 h, the activity of M2-PKAca was measured by immune complex kinase assays with GST-BAD (2 pg) or
GST-p38 (2 pg) as substrates. For PKI inhibition, the kinase reaction mixture was incubated with the synthetic peptide inhibitor PKI (1 g, 30 min)

on ice prior to the addition of the ATP mixture. Crtl, control.

involved in cAMP-mediated inhibition of p38 activation
through an indirect mechanism.

The involvement of PKA in the inhibition by cAMP of p38
activation did not exclude the possibility that the inhibition by
cAMP may also be mediated by other cAMP effectors, such as
cAMP-GEFs. To test this possibility, Rat-1 cells were pre-
treated with 8-pCPT-2'-O-Me-cAMP, which is a potent spe-
cific activator of cAMP-GEFs (10), followed by stimulation
with or without TNF-a. Immunoblotting analysis revealed that
TNF-a-induced phosphorylation of p38 was not affected by
8-pCPT-2"-O-Me-cAMP but was inhibited by 6-MB-cAMP, a
site-selective activator of PKA but a poor activator of cAMP-
GEFs (data not shown) (10). Taken together, the inhibition by
cAMP on p38 activation is likely mediated by PKA rather than
cAMP-GEFs.

The inhibition of p38 activation by cAMP requires de novo
protein synthesis and depends on CREB-mediated transcrip-
tion. The biphasic nature of cAMP-mediated inhibition of p38
phosphorylation and the significant delay between the inhibi-
tion and PKA activation suggest that PKA may indirectly in-
hibit p38 activation. It is possible that the cAMP-PKA pathway
may inhibit p38 activation in a transcription-dependent man-
ner. To test this scenario, Rat-1 cells were pretreated with or
without forskolin, followed by treatment with TNF-a in the
presence or absence of the protein synthesis inhibitor emetine
or the RNA synthesis inhibitor actinomycin D, or left un-
treated. The inhibition by forskolin of TNF-a-induced p38
phosphorylation was abolished by emetine or actinomycin D
(Fig. 3A). Emetine and actinomycin D themselves had no
detectable effects on p38 phosphorylation (Fig. 3A). This sug-

gests that de novo protein synthesis is required for the inhibi-
tion of p38 by the cAMP-PKA pathway. In support of this
notion, KG501, a small-molecule compound that interferes
with the binding between transcription factors and cofactors,
such as CBP/p300 (2), and has been shown to inhibit the
transcriptional activity of PKA downstream target CREB (Fig.
3B, 2), also reversed the inhibition by forskolin of TNF-a-
induced p38 phosphorylation (Fig. 3C). KG501 itself did not
inhibit p38 phosphorylation (Fig. 3C).

The cAMP-PKA pathway activates several transcription fac-
tors, including CREB, CREM, and ATF-1 (30, 45, 76). Among
them, CREB is the major effector of the cAMP-PKA pathway
(30, 45, 76). We used CREB siRNA to test whether CREB
mediates the inhibition by the cAMP-PKA pathway of p38
activation. Transfection of Rat-1 cells with CREB siRNA but
not the control scramble siRNA abolished forskolin-stimulated
CREB transcription activity, as monitored by a CREB-lucif-
erase reporter gene (Fig. 3D). Immunoblotting analysis re-
vealed that CREB siRNA, which specifically inhibited CREB
expression (Fig. 3E), but not the control siRNA reversed the
inhibitory effect of forskolin on TNF-«a-induced p38 phosphor-
ylation (Fig. 3E). This is not the result of changes in p38
expression (Fig. 3E). Consistently, infection of Rat-1 cells with
adenoviral vector encoding ACREB (Ad/ACREB), which is a
specific CREB inhibitor that utilizes its acidic amphipathic
extension to prevent the basic region of CREB from binding to
DNA (1), but not green fluorescent protein (Ad/GFP) blocked
forskolin-induced activation of CREB transcriptional activity
(Fig. 3F). The inhibition by forskolin of TNF-a-induced p38
phosphorylation and activation was also reversed by Ad/
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FIG. 3. CREB transcriptional activity is required for cAMP-mediated inhibition of p38 activation. (A) Rat-1 cells were treated with or without
emetine or actinomycin D (ActD) (1 pg/ml each, 30 min) prior to FSK treatment (20 M, 30 min), followed by stimulation with TNF-a (5 ng/ml,
15 min), or left untreated. Phosphorylation and expression of p38 were determined. (B) Rat-1 cells were cotransfected with Gal4-LUC (0.2 pg)
and Gal4-CREB (0.05 pg). After 30 h, cells were treated with the transcription inhibitor KG501 (10 wM, 30 min) prior to stimulation with or
without FSK (20 uM, 10 h). LUC activity was determined as described previously (35). (C) Rat-1 cells were treated with or without KG501 (10
M, 30 min) prior to FSK treatment (20 M, 30 min), followed by stimulation with or without TNF-a (5 ng/ml, 15 min). Phosphorylation and
expression of p38 were determined. (D) Rat-1 cells were cotransfected with CREB siRNA or the control scramble siRNA (200 nM each) and
mammalian expression vector encoding the CREB-LUC reporter gene (EVX-LUC) (0.4 ng). After 36 h, cells were treated with or without FSK
(20 pM, 10 h). LUC activity was determined as described previously (35). (E) Rat-1 cells were transfected with CREB siRNA or the control
scramble siRNA (200 nM each). After 48 h, cells were pretreated with FSK (20 wM, 30 min), followed by stimulation with TNF-a (5 ng/ml, 15
min), or left untreated. Phosphorylation of p38 and expression of CREB, B-actin, and p38 were determined. (F) Rat-1 cells were transfected with
the CREB-LUC reporter gene (EVX-LUC, 0.4 ng), followed by infection with adenovirus ACREB (Ad/ACREB) or the control adenovirus green
fluorescent protein (Ad/GFP) (multiplicity of infection = 300 each). Cells were treated with or without FSK (20 wM, 10 h). LUC activity was
determined as described previously (35). (G) Rat-1 cells were infected with Ad/GFP or Ad/ACREB as described for panel F. After 48 h, cells were
treated with FSK (20 uM, 30 min) prior to stimulation with TNF-a (5 ng/ml, 15 min) or left untreated. The activity and phosphorylation of p38
and expression of M2-ACREB were analyzed by immune complex kinase assays and immunoblotting, respectively. Ctrl, control.

ACREB, as measured by immune complex kinase assays and revealed that forskolin specifically induced expression of DLC

immunoblotting analysis, respectively (Fig. 3G). ACREB had
no detectable effect on the inhibition by cAMP of TNF-a-
induced ERK activation (data not shown), suggesting the effect
of ACREB on p38 activation is specific.

Upregulation of dynein light chain by the cAMP-PKA-
CREB pathway is required for inhibiting p38 activation. To
determine how the cAMP-PKA-CREB pathway inhibits p38
activation, we searched for known CREB target genes that may
be involved in regulation of the MKK3/6-p38 pathway. Previ-
ously, it was reported that p150°™<9, a key component of the
dynein-dynactin complex, was required for activation of the
MKK3/6-p38 pathway in HeLa cells in response to sorbitol and
TNF-a (8). Furthermore, both dynein heavy chain (DHC) and
DLC have been reported to be encoded by CREB target genes
(30), and DLC is involved in numerous dynein-independent
biological processes (15, 31, 32, 39, 47, 50, 53, 57, 67). These
observations led us to test whether the components of the
dynein-dynactin complex are involved in the inhibition of p38
by the cAMP-PKA-CREB pathway. Immunoblotting analysis

but not other dynein motor proteins examined, including
DHC, dynein intermediate chain, p150°™<9, and p50 dyna-
mitin (Fig. 4A). Forskolin-induced expression of DLC was
rapid, occurring only 15 min after the treatment (Fig. 4B). In
contrast, cholera toxin-induced expression of DLC was slower
but sustained (Fig. 4C). The different kinetics in induction of
DLC expression by forskolin and cholera toxin was correlated
with their effects on phosphorylation of CREB at Ser133 (Fig.
4B and C), PKA activation, and inhibition of p38 activation
(Fig. 2A and B).

To determine whether DLC is upregulated by forskolin via
the PKA-CREB pathway under the conditions that forskolin
inhibits p38 activation, Rat-1 cells were infected with Ad/
ACREB or Ad/GFP, pretreated with or without forskolin and
then stimulated TNF-a, or left untreated. Immunoblotting
analysis revealed that DLC expression was upregulated by for-
skolin when TNF-a-induced p38 phosphorylation was inhib-
ited by forskolin (Fig. 4D). Furthermore, the upregulation of
DLC by forskolin was inhibited by Ad/ACREB, which also
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FIG. 4. Upregulation of dynein light chain by cAMP via CREB is essential for cAMP-mediated inhibition of p38 activation. (A) Rat-1 cells were
treated with or without FSK (20 wM, 30 min) prior to stimulation with TNF-« (5 ng/ml, 15 min) or left untreated. Expression of p150°"¢d, p50
dynamitin, DHC, dynein intermediate chain (DIC), or DLC was analyzed by immunoblotting. (B and C) Rat-1 cells were treated with or without
FSK (20 pM) (B) or CTX (100 ng/ml) (C) for various times as indicated. Phosphorylation of CREB and expression of DLC, CREB, and B-actin
were analyzed by immunoblotting. (D) Rat-1 cells were infected with Ad/GFP or AdJ/ACREB as for Fig. 3F. After 48 h, cells were treated with
FSK (20 wM, 30 min) prior to stimulation with TNF-a (5 ng/ml, 15 min) or left untreated. Phosphorylation of p38 and expression of p38,
M2ACREB, and DLC were determined. (E) Rat-1 cells were transfected with CREB siRNA or the control (Crtl) scramble siRNA (200 nM each).
After 48 h, cells were pretreated with or without FSK (20 pM, 30 min), followed by stimulation with or without TNF-a (5 ng/ml, 15 min).
Phosphorylation of p38 and expression of p38, CREB, B-actin, and DLC were determined. (F) Rat-1 cells were transfected with DLC siRNA or
the control (Crtl) scramble siRNA (100 nM each). After 48 h, cells were treated with or without FSK (20 wM, 30 min) prior to stimulation with
TNF-a (5 ng/ml, 15 min) or left untreated. Phosphorylation of p38 and expression of DLC, B-actin, and p38 were determined. (G) Rat-1 cells were
transfected with a mammalian expression vector encoding Xpress-DLC (4 ng). After 24 h, cells were stimulated with or without TNF-a (5 ng/ml,
15 min). The activity and phosphorylation of p38 and expression of Xpress-DLC were analyzed by immune complex kinase assays and immuno-

blotting, respectively.

abolished the inhibition of forskolin on TNF-a-induced p38
phosphorylation (Fig. 4D). Similar results were obtained with
CREB siRNA (Fig. 4E). These results demonstrated that
cAMP via CREB induces expression of DLC, which is well
correlated with the inhibition by cAMP of TNF-a-induced p38
activation.

If the cAMP-PKA-CREB pathway inhibits p38 activation via
induction of DLC, inhibition of DLC expression should abro-
gate the inhibition by cAMP of p38 activation. To test this
hypothesis, Rat-1 cells were transfected with DLC siRNA or
the control scramble siRNA, pretreated with or without for-
skolin, and then stimulated with TNF-«a or left alone. Immu-
noblotting analysis revealed that forskolin induced DLC ex-
pression and inhibited TNF-a-induced p38 phosphorylation

(Fig. 4F). Transfection of the cells with DLC siRNA, which
significantly inhibited DLC expression (Fig. 4F), abolished the
inhibition by forskolin on TNF-a-induced p38 phosphorylation
(Fig. 4F). Conversely, ectopic expression of DLC in Rat-1 cells
significantly inhibited TNF-a-stimulated p38 activity and its
phosphorylation, as measured by immune complex kinase as-
says and immunoblotting, respectively (Fig. 4G).

The cAMP-PKA-CREB-DLC pathway inhibits p38 activa-
tion through interference with the formation of the MKK3/6-
p38 complex. cAMP inhibits p38 activation by TNF-«, IL-1B,
and IL-3 (Fig. 1), which utilize different receptor complexes to
activate downstream signaling effectors (4, 11, 68). This sug-
gests that the inhibition may occur distally of the receptors and
the receptor complexes. In addition, the phosphorylation of
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FIG. 5. The cAMP-PKA-CREB-DLC pathway inhibits p38 activation through interference with the formation of the MKK3/6-p38 complex.
(A) Rat-1 cells were transfected with a mammalian expression vector encoding HA-MKK6b (0.1 wg). After 48 h, cells were pretreated with or
without FSK (20 pM, 30 min), followed by stimulation with TNF-a (5 ng/ml, 5 min), or left untreated. The activity of HA-MKK6b was measured
by immune complex kinase assays with GST-p38 (2 pg) as a substrate. (B) Rat-1 cells were transfected with mammalian expression vector encoding
HA-MKKG6b as described for panel A. Cells were treated with or without MyPKI (10 wM, 30 min) prior to FSK treatment (20 pM, 30 min),
followed by stimulation with or without TNF-a (5 ng/ml, 5 min). The kinase activity of MKK6 was measured as for panel A. (C) Rat-1 cells were
transfected with a mammalian expression vector encoding HA-MKKG6b, along with DLC siRNA or the control scramble siRNA (100 nM each).
After 48 h, cells were treated with or without FSK (20 wM, 30 min) prior to stimulation with TNF-a (5 ng/ml, 5 min) or left untreated. The kinase
activity of MKK6 was measured as for panel A. (D) Rat-1 cells were pretreated with or without FSK (20 uM, 30 min), followed by stimulation
with TNF-a (5 ng/ml, 5 min) or left alone. The endogenous MKK3/6 were isolated, and their activity and expression were determined by immune
complex kinase assays and immunoblotting, respectively. (E-G) Rat-1 cells were pretreated with or without FSK (20 uM, 30 min), followed by
stimulation with TNF-a (E), IL-18 (F) (5 ng/ml, 5 min each), or left untreated. FL5.12 cells were deprived of IL-3 for 2 h, followed by IL-3
readdition for 5 min. Cells were treated with or without FSK (20 wM, 30 min) prior to IL-3 readdition (G). Phosphorylation and expression of
MKK3/6 were analyzed by immunoblotting using anti-phospho-MKK3/6 and anti-MKK3/6 antibodies, respectively. (H) Rat-1 cells were cotrans-
fected with mammalian expression vectors encoding HA-MKK6b, M2-p38, and Xpress-DLC (2 pg each). After 30 h, cells were harvested. The
lysates were immunoprecipitated with anti-M2 monoclonal antibody and subjected to immunoblotting analysis with anti-HA, p38, and Xpress
antibodies, respectively. Crtl, control.

p38 at Thr180 and Tyr182 by MKK3/6 was inhibited (Fig. 1).
To determine the molecular mechanism by which cAMP in-
hibits p38 phosphorylation activation, Rat-1 cells were trans-
fected with a mammalian expression vector encoding HA-
MKKG®6, which is one of the major MAP2Ks for p38 (24). After
30 h, cells were pretreated with forskolin for 30 min, followed
by stimulation with or without TNF-a. Immune complex kinase
assays showed that TNF-a-stimulated HA-MKKG6 activity was
inhibited by forskolin pretreatment (Fig. 5A). The inhibition
was not the result of the difference in expression of HA-MKKG6
(Fig. SA). The inhibition by forskolin on TNF-a-stimulated
MKKG6 activity was reversed by MyPKI (Fig. 5B) or by DLC
siRNA but not by the control siRNA (Fig. 5C), suggesting that
the inhibition was indeed mediated by the cAMP-PKA-CREB-
DLC pathway. Pretreatment of cells with forskolin also inhib-
ited TNF-a-induced activation of endogenous MKK3/6, as
measured by immune complex kinase assays (Fig. 5D). Taken
together, these results suggest that cAMP-mediated inhibition

of p38 activation may occur at or above the level of MAP2Ks.
To distinguish these possibilities, Rat-1 cells were pretreated
with forskolin for 30 min, followed by stimulation with TNF-a
or IL-1B. Immunoblotting analysis revealed that the phosphor-
ylation of MKK3/6, which are major MAP2Ks for p38 in cells
(5, 12, 24), was not affected (Fig. SE and F). Similar results
were obtained with FL5.12 cells, in which pretreatment with
forskolin had no effects on IL-3-induced phosphorylation of
MKK3/6 (Fig. 5G). PKA also did not phosphorylate MKK3/6
(data not shown). These data suggest that cAMP inhibited p38
activation by interfering with its phosphorylation by MKK3/6,
rather than the MAP3Ks that phosphorylate and activate
MKK3/6.

The above observations that cAMP inhibited p38 phosphor-
ylation and activation by MKK3/6 but not phosphorylation of
MKK3/6 by MAP3Ks suggest that the cAMP-PKA-CREB-
DLC pathway may inhibit the interaction between p38 and
MKK3/6. To test this hypothesis, Rat-1 cells were transfected
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with mammalian expression vectors encoding HA-MKK6, M2-
p38, and Xpress-DLC. Immunoprecipitation in combination
with immunoblotting analysis revealed that HA-MKK®6 inter-
acted with M2-p38 (Fig. 5H), consistent with previous reports
(8, 73). The interaction between HA-MKK6 and M2-p38 was
significantly inhibited by cotransfected Xpress-DLC (Fig. SH).
The inhibition by Xpress-DLC was not the result of the differ-
ence in immunoprecipitated M2-p38 in the MKK6-p38 com-
plexes or the difference in expression levels of HA-MKK6 and
M2-p38 (Fig. SH). Thus, elevation of cAMP may via DLC
disrupt the MKK3/6-p38 complex, thereby inhibiting p38 phos-
phorylation and activation.

Inhibition of p38 activation by cAMP suppresses NF-«B
activation, thereby contributing to TNF-«-induced apoptosis.
Once activated, p38 can translocate into the nucleus, where it
phosphorylates and activates several transcription factors, in-
cluding NF-kB, which is able to suppress TNF-a-induced apop-
tosis (7, 18, 22, 42, 55, 69). It has also been reported that cAMP
can promote TNF-a-induced apoptosis in a cell-type-depen-
dent manner (49, 70, 71). The observation that TNF-a-induced
p38 activation was inhibited by the cAMP pathway promoted
us to test whether the inhibition leads to suppressing NF-«kB
activation, thereby promoting TNF-a-induced apoptosis. To
test this hypothesis, we first determined whether the inhibition
of p38 activation by the cAMP pathway suppresses NF-kB
activation. Treatment with TNF-a stimulated NF-«kB transcrip-
tional activity in Rat-1 cells, and the stimulation was inhibited
by the p38 inhibitor SB203580 (Fig. 6A) or cotransfected ki-
nase-deficient p38(Y182F) mutant (Fig. 6B), as measured by
NF-kB-luciferase reporter gene assays. These results suggest
that p38 contributed to TNF-a-induced NF-«kB activation in
Rat-1 cells, as previously reported for other cell types (7, 18,
22, 69). Pretreatment with forskolin, isoproterenol, or cholera
toxin also significantly suppressed TNF-a-induced NF-«B tran-
scriptional activity (Fig. 6C). Similar results were obtained with
TNF-a-treated HT1080 cells or with IL-1B-treated Rat-1 cells
(data not shown). The inhibition was reversed by the cell-
permeative PKA inhibitor MyPKI (Fig. 6D) or by CREB
siRNA but not the control siRNA (Fig. 6E), suggesting that
the PKA-CREB pathway was involved in the inhibition of
NF-kB by cAMP. The inhibition by forskolin of TNF-a-in-
duced NF-kB transcriptional activity was also reversed by DLC
siRNA, which released the inhibition of cAMP on p38 activa-
tion (Fig. 4F), but not the control siRNA (Fig. 6F). Conversely,
TNF-a-induced NF-kB transcriptional activity was inhibited by
ectopic expression of DLC (Fig. 6G). By contrast, the cAMP-
PKA-CREB-DLC pathway has no significantly inhibitory effect
on activation of the IKK complex, IkBa phosphorylation and
proteosome-mediated degradation, and NF-kB nuclear trans-
location (data not shown). These data suggest that the cAMP-
PKA-CREB-DLC pathway suppressed TNF-a-induced NF-«B
activation through, at least in part, inhibition of p38 activation.

Next, we determined whether inhibition of p38 by the
cAMP-PKA-CREB-DLC pathway contributes to TNF-a-in-
duced apoptosis. TNF-a significantly induced apoptosis in
Rat-1 cells that had been pretreated with the p38 inhibitor
SB203580 but not in control cells (Fig. 6H), as reported for
other cell types (18, 22, 42, 55, 69). Pretreatment with forsko-
lin, isoproterenol, or cholera toxin also sensitized Rat-1 cells to
TNF-a-induced apoptosis (Fig. 6I). The apoptosis induced by
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TNF-a/cAMP was abrogated by the cell-permeative PKA in-
hibitor MyPKI (Fig. 6I). Inhibition of DLC expression by DLC
siRNA, which released the inhibition by cAMP of p38 activa-
tion (Fig. 4F), also abolished the promotion by forskolin of
TNF-a-induced apoptosis (Fig. 6J). Taken together, cAMP
promotes TNF-a-induced apoptosis through CREB-induced
DLC, which inhibits p38 and thereby suppresses NF-kB acti-
vation.

DISCUSSION

The MAPK p38 regulates many cellular events, from cell
cycle progression to apoptosis, and the activity of p38 itself is
tightly controlled by other intracellular signaling pathways,
such as the cAMP pathway (6, 8, 9, 17, 19, 51, 54, 74). The
regulation of p38 activation by cAMP has been reported to be
stimulatory or inhibitory, depending on the cell context and the
stimuli (6, 9, 17, 51, 54). However, the underlying mechanism
is unknown. In this report we demonstrate that cAMP via
CREB-induced DLC disrupts the complex formation between
MKK3/6 and p38, thereby suppressing p38 activation and pro-
moting apoptosis. This conclusion is based on the following
evidence.

First, elevation of intracellular cAMP concentrations by the
physiologically relevant cAMP inducers PGE2 and epineph-
rine and other reagents like forskolin, isoproterenol, and chol-
era toxin inhibited p38 activation by TNF-«, IL-1p, and IL-3 in
various cell lines (Fig. 1). Second, the PKA-CREB pathway,
but not cAMP-GEFs, was required for cAMP-mediated inhi-
bition of p38 activation (Fig. 2 and 3; also data not shown).
Third, the CREB target gene DLC was essential for cAMP to
inhibit p38 activation (Fig. 4). Fourth, the cAMP-PKA-CREB-
DLC pathway inhibited p38 activation by disrupting the com-
plex formation between p38 and its upstream kinases MKK3/6
(Fig. 5). Fifth, the inhibition of p38 activation by cAMP sup-
pressed TNF-a-induced NF-«kB activation, thereby promoting
apoptosis (Fig. 6). Taken together, our results revealed the
molecular mechanism underlying the cross talk between the
cAMP and p38 pathways and the importance of this cross talk
in TNF-a-induced apoptosis.

The inhibition by cAMP of p38 activation is mediated by the
PKA-CREB-DLC pathway. The biological functions of cAMP
are mainly mediated by PKA (14, 16) and the newly discovered
cAMP binding proteins the cAMP-GEFs, which are GEFs of
the small GTPase Rap I (10, 13, 61). Our results show that
PKA activation by cAMP inducing agents was well correlated
with and required for the inhibition of p38 activation (Fig. 2),
whereas activation of cAMP-GEFs did not inhibit p38 activa-
tion (data not shown). PKA appeared to inhibit p38 activation
indirectly, since the inhibition of p38 activation by cAMP was
delayed compared to PKA activation (Fig. 2A and B). In sup-
port of this notion, PKA was unable to directly phosphorylate
p38 or its upstream kinase MKK3/6 (Fig. 2E; also data not
shown). Furthermore, the inhibition by cAMP was abolished
by the protein synthesis inhibitor emetine, transcription inhib-
itor actinomycin D, or KG501, which interferes with the inter-
action between transcription factors and cofactors (Fig. 3A, B,
and C). This suggests that the inhibition by the cAMP-PKA
pathway may depend on upregulation of gene expression. In-
deed, among the transcription factors that are regulated by
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FIG. 6. Inhibition of p38 by cAMP suppresses NF-kB activation, thereby contributing to TNF-a-induced apoptosis. (A) Rat-1 cells were

transfected with a mammalian expression vector encoding the NF-«kB reporter gene (IL-8-LUC) (0.2 ng). After 30 h, cells were treated with
SB203580 (SB) (20 wM, 30 min) prior to the stimulation with or without TNF-a (5 ng/ml) for 10 h. LUC activity was determined as described
previously (35). (B) Rat-1 cells were cotransfected with IL-8-LUC (0.2 wg) and an expression vector encoding p38(Y182F) (0.5 pg). LUC activity
was determined after cells were stimulated with or without TNF-« (5 ng/ml) for 10 h. (C) Rat-1 cells were transfected with IL-8-LUC (0.2 wg).
After 30 h, cells were treated with FSK (20 wM, 30 min), isoproterenol (ISO) (200 uM, 30 min), or CTX (100 ng/ml, 60 min) prior to stimulation
with or without TNF-a (5 ng/ml) for 10 h. LUC activity was determined. (D) LUC activity was determined as for panel C except that Rat-1 cells
were treated with or without MyPKI (10 uM, 30 min) prior to FSK treatment. Ctrl, control. (E) Rat-1 cells were cotransfected with IL-8-LUC (0.2
ng), along with CREB siRNA (siCREB) or the control scramble siRNA (siCtrl) (200 nM each). After 36 h, cells were treated with or without FSK
(20 wM, 30 min) prior to the stimulation with or without TNF-a (5 ng/ml) for 10 h. LUC activity was determined as described previously (35).
(F) Rat-1 cells were cotransfected with IL-8-LUC (0.2 pg), along with DLC siRNA (siDLC) or the control scramble siRNA (siCtrl) (100 nM each).
LUC activity was determined as described for panel E. (G) Rat-1 cells were cotransfected with a mammalian expression vector encoding
Xpress-DLC or empty vector (0.5 pg each), along with IL-8-LUC (0.2 pg). LUC activity was determined after cells were stimulated with or without
TNF-a (5 ng/ml) for 10 h. (H) After pretreatment with SB (20 wM, 30 min), serum-starved Rat-1 cells were incubated with TNF-« for 20 h. The
apoptotic cell death was monitored by Hoechst (H33258) staining (37, 66, 72, 75). (I) Rat-1 cells were pretreated with or without MyPKI (10 uM,
30 min) prior to treatment with FSK, isoproterenol, or CTX as for Fig. 1A. Serum-starved Rat-1 cells were incubated with TNF-« (5 ng/ml) for
20 h, and apoptotic cell death was monitored by Hoechst (H33258) staining. (J) Rat-1 cells were transfected with DLC siRNA (siDLC) or the
control scramble siRNA (siCtrl) (100 nM each). After 40 h, serum-starved cells were pretreated with FSK (20 M, 30 min) and treated with TNF-a
(5 ng/ml) for 20 h. Apoptotic cell death was monitored by Hoechst (H33258) staining.

p38 by MKK3/6 at Thr180 and Tyr182 in the phosphorylation
activation T loop is essential for activation of p38 (5, 74). Our
results show that in addition to inhibition of p38 phosphoryla-
tion activation, forskolin also inhibited the enzymatic activity

PKA, including CREB, CREM, and ATF-1, inactivation of
CREB but not CREM or ATF-1 abolished the inhibition by
cAMP of TNF-a-induced p38 activation (Fig. 3D, E, F, and G;
also data not shown). Consistently, our results show that up-

regulation of CREB-target gene DLC expression was essential
for the inhibition by cAMP of p38 activation (Fig. 4). Thus,
cAMP inhibits p38 activation through the PKA-CREB-DLC
pathway.

How does the cAMP-PKA-CREB-DLC pathway inhibit the
activation of p38? MKK3/6 are major MAP2Ks for p38 acti-
vation in vitro and in vivo (5, 12, 24). Genetic disruption of
MKK3/6 alleles in mice abolishes p38 activation by a variety of
extracellular stimuli, demonstrating that phosphorylation of

of MKK3/6 through the PKA-CREB-DLC pathway (Fig. 5A to
D). However, the phosphorylation of MKK3/6 by upstream
MAP3Ks was not affected (Fig. SE, F, and G). This excluded
MAP3KSs as the targets of cAMP-mediated inhibition. Further-
more, ectopic expression of DLC resulted in disruption of the
MKK3/6-p38 complex (Fig. SH). This suggests that cAMP in-
hibits TNF-a-induced p38 activation by interfering with the
formation of the MKK3/6-p38 complex.

How does DLC disrupt the formation of the MKK3/6-p38
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FIG. 7. A schematic presentation of the molecular mechanism by
which cAMP inhibits p38 activation via CREB-induced DLC.

complex? In addition to its role as a key component in the
dynein-dynactin motor, DLC regulates a number of cellular
activities via binding to many signaling molecules or enzymes,
including nitric oxide synthase, the NF-kB inhibitor IkBa, the
proapoptotic Bcl-2 family protein Bim, p53-binding protein 1,
the neuronal scaffold protein GKAP, the transcriptional re-
pressor TRPS1, and estrogen receptor (15, 21, 31, 32, 39, 47,
50, 53, 57, 67). It has been reported that DLC binds to a
conserved K/RXTQT motif in its target proteins (38). Our
results show that DLC siRNA released the inhibition by cAMP
of the enzymatic activity of MKK6 (Fig. 5C), and ectopic ex-
pression of DLC interfered with the formation of MKK3/6-p38
complex (Fig. 5SH). However, there was no direct interaction
between DLC and MKK3/6 or p38 in vitro and in vivo (data
not shown). In support of this notion, there is no K/RXTQT
motif in MKK3/6 or p38. Thus, DLC may inhibit the complex
formation between MKK3/6 and p38 indirectly. It is possible
that the dynein-dynactin motor complex, in which both DLC
and p1509"<? are key components, is involved in the formation
of the MKK3/6-p38 complex. Upregulation of certain compo-
nents in the dynein-dynactin motor complex resulted in mal-
function of the dynein motor (44, 58). In analogy, upregulation
of DLC by the cAMP-PKA-CREB pathway may also cause
malfunction of the dynein motor complex, thereby interfering
with the interaction between MKK3/6 and p38. Another pos-
sibility is that DLC may interfere with the interaction between
MKK3/6 and p38 via its regulation of other signaling pathways
that are involved in regulation of p38 activation. Future studies
are needed to test these possibilities.

Does the cAMP-PKA-CREB-DLC pathway selectively in-
hibit p38 but not other MAP kinases? cAMP is a well-known
regulator of MAP kinases in a cell type- and stimulus-depen-
dent manner. Elevation of cAMP can inhibit or activate ERK
activity in a cell context-dependent manner (62). cAMP also
inhibits JNK activation with unknown mechanisms (29, 52).
Our results show that cAMP inhibited p38 activation via the
PKA-CREB-DLC pathway (Fig. 1 to 5). Interestingly, the de
novo protein synthesis was required for cAMP-mediated inhi-
bition of TNF-a-induced JNK activation but not for the inhi-
bition of TNF-a-induced ERK activation in Rat-1 cells (data
not shown). Furthermore, the inhibition of JNK by cAMP also
required CREB (data not shown), similar to the inhibition of
p38 by cAMP (Fig. 3). However, DLC was not required for the
inhibition of JNK by cAMP (data not shown), suggesting that
another CREB target gene(s) is involved. Thus, cAMP inhibits
MAP kinases through different mechanisms.
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Does the inhibition of p38 activation by the cAMP pathway
affect TNF-a-induced NF-kB activation and apoptosis? Previ-
ous studies have shown that cAMP can negatively regulate
NF-kB activity, thereby contributing to TNF-a-induced apop-
tosis in certain types of cells with no known mechanisms (49,
70, 71). It is known that TNF-a activates NF-«kB via, at least,
two mechanisms: activation of the IKK complex that controls
the nuclear translocation of NF-kB (34) and activation of p38
that can phosphorylate and further activate NF-«B in the nu-
cleus (43). Our results show that the cAMP pathway had no
significant effects on the activity of IKK complex, phosphory-
lation of IkBa, or NF-kB nuclear translocation (data not
shown). Instead, the cAMP pathway negatively regulated
NF-kB activity through, at least in part, DLC-mediated inhi-
bition of p38 activation, thereby contributing to TNF-a-in-
duced apoptosis (Fig. 6). Thus, regulation of p38 activity by the
cAMP pathway may be the key determinant that decides
whether cAMP contributes to apoptosis induced by TNF-a and
other death stimuli (Fig. 7).
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