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ABSTRACT

Background: Lipopolysaccharide (LPS) is known to
activate macrophages, causing the release of toxic cy-
tokines that may provoke inflammation and shock.
One of the most important and best studied of these
cytokines is tumor necrosis factor (TNF). Details of the
signaling pathway leading to TNF biosynthesis remain
unclear. The pathway is branched in the sense that
TNF gene transcription and TNF mRNA translation are
both strongly stimulated by LPS. Recent evidence has
indicated that MAP kinase homologs become phos-
phorylated in LPS-stimulated cells, suggesting their
possible involvement in signal transduction. We
sought to test this hypothesis.
Materials and Methods: Measurements of LPS-in-
duced MEK and ERK2 activity were undertaken in
LPS-sensitive and LPS-insensitive cells. Transfection
studies, in which dominant inhibitors of ras and raf-I
were used to block signaling to the level of MAP ki-
nase, were carried out in order to judge whether the
TNF gene transcription and TNF mRNA translation are
modulated through this pathway.

Results: In RAW 264.7 mouse macrophages, both
ERK2 and MEKI activity are induced by LPS treat-
ment. In the same cell line, dominant negative inhib-
itors of ras and raf-1 block LPS-induced activation of
the TNF promoter, as well as derepression of the trans-
lational blockade normally imposed by the TNF
3'-untranslated region. A constitutively active form of
raf-1 (raf-BXB) was found to augment, but not replace,
the LPS signal. In LPS-insensitive cells (RAW 264.7 X
NIH 3T3 fusion hybrid cells and primary macrophages
derived from C3H/HeJ mice), ERK2 activity was found
to be refractory to induction by LPS.
Conclusions: The ras/raf-1/MEK/MAPK pathway is
chiefly responsible for transduction of the LPS signal to
the level of the TNF gene and mRNA. raf and raf-1 lie
upstream from (or actually represent) the physical
branchpoints of the transcriptional and translation ac-
tivation signals generated by LPS. The lesions that
prevent LPS signaling in macrophages from C3H/HeJ
mice, or in RAW 264.7 X NIH 3T3 fusion hybrid cells,
occupy a proximal position in the signaling pathway.

INTRODUCTION
Bacterial endotoxin (lipopolysaccharide; LPS) is
believed to elicit most of its untoward effects by
provoking cytokine synthesis in cells of reticu-
loendothelial origin, e.g., macrophages (1-3).
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Beutler, Howard Hughes Medical Institute, U.T. Southwest-
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Tumor necrosis factor (TNF) is believed to be one
of the most important of these cytokine media-
tors. Within 2 hr following LPS stimulation, TNF
is elaborated as one of the major secretory prod-
ucts of macrophages (4,5). Passive immunization
against TNF offers strong protection against the
lethal effect of LPS (6), and direct administration
of TNF causes shock and tissue injury (7).

For these reasons, the signal transduction
pathway utilized by LPS, leading to the synthesis
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and release of TNF, assumes considerable impor-
tance. Moreover, responses of the TNF gene are
an excellent endpoint for studies of LPS signaling
in macrophages since the rate of TNF biosynthe-
sis increases 1,000-fold or more following stim-
ulation by LPS (8). Previous work has established
that LPS is concentrated through the formation
of complexes with lipopolysaccharide binding
protein (LBP) and then engages CD14, a GPI-
linked plasma membrane protein (9, 10). As
CD 14 has no obvious means of generating signals
within the cytoplasmic compartment, the initial
triggering mechanism for LPS signaling remains
obscure.

It is recognized that the LPS signal traverses
a biological "bottleneck" in the sense that it is
minimally dependent upon the product of a
single gene, known as the Lps gene (11-13).
It is widely assumed that this gene, defective in
LPS-unresponsive C3H/HeJ and C57B 1OSnCr
mice, encodes an early component of the signal
transduction apparatus. Once a signal has been
initiated, the activation pathway bifurcates, ulti-
mately yielding both transcriptional and trans-
lational activation of TNF biosynthesis (8). Tran-
scriptional activation of TNF synthesis is
minimally dependent upon NF-KB translocation,
insofar as deletion of the NF-KB motifs present in
the TNF promoter/enhancer region is sufficient
to abolish LPS responsiveness (14). Translational
activation depends upon defeat of translational
repression imposed by the UA-rich element
present in the 3'-UTR of the mRNA encoding
TNF and several other cytokines (15,16).

TNF biosynthesis can be blocked by glu-
cocorticoid agonists, which impede both tran-
scriptional and translational activation pathways
(8), by cAMP analogs or phosphodiesterase in-
hibitors, which selectively block the transcrip-
tional response (17), and by pyridinyl imidazole
derivatives, which selectively block the transla-
tional response (18). The molecular targets of
each inhibitor remain to be determined; how-
ever, these data lend credence to the view that
the signaling pathway bifurcates into transcrip-
tional and translational components.

Certain aspects of the LPS signaling pathway
appear to be unique to macrophages. Notably,
when an immortalized mouse macrophage line
(RAW 264.7) is fused with an immortalized fi-
broblast line (NIH 3T3) the resulting hybrid cells
are endotoxin unresponsive (19). Presumably,
essential component(s) of the LPS signal trans-
duction pathway, like the TNF gene itself (19),
are extinguished following fusion.

Although little is known about the biochem-
ical signaling pathway responsible for transmit-
ting signals generated by LPS to the nucleus,
recent studies have suggested that it may be ini-
tiated by a tyrosine kinase (20-22). Thus, LPS
induces tyrosine phosphorylation in monocytic
cell lines and this response can be blocked by
tyrosine kinase inhibitors (20,21). Moreover,
several functional consequences of LPS exposure
can be inhibited by tyrosine kinase inhibitors
(20,22).

A number of tyrosine kinase initiated path-
ways activate a cascade of signaling molecules
termed the mitogen-activated protein (MAP) ki-
nase pathway (23,24). Activation of the tyrosine
kinase by receptor ligation leads to autophos-
phorylation of the kinase and association with an
adaptor protein such as Grb2 through the SH2
domain of the adaptor protein (25). The adaptor
protein is thought to bind to a guanine nucleo-
tide exchange factor which in turn promotes the
association of the proto-oncogene ras with GTP.
GTP-bound ras binds to the proto-oncogene raf-I
transporting it to the membrane where it is ac-
tivated (26-28). raf-1 is a serine threonine kinase
that phosphorylates and activates a family of
protein kinases termed MAP kinase or extracel-
lular signal-regulated kinases (MEKs) (29).
MEKs phosphorylate MAP kinases on threonine
and tyrosine residues increasing their catalytic
activity 1,000-fold (30-32). MAP kinases include
extracellular signal regulated kinase (ERK) 1,
ERK2, ERK3, ERK4, p54 MAP kinases (JNK or
SAPs), and p57 MAP kinases (33-37). One or
more of these kinases are known to phosphory-
late other protein kinases (e.g., Rsk, MAPKAP
kinase 2), transcription factors (e.g., c-jun, myc,
p62tcf/elk, tall, NF-IL6, and ATF-2) cytoskeletal
proteins (microtubule-associated protein 2, tau),
and a number of enzymes (phospholipase A2 and
tyrosine hydroxylase) (38). This pathway is
thought to play an important role in cell growth
and differentiation (39,40). In addition, recent
evidence has demonstrated that some members
of this pathway are required for T cells to pro-
duce IL-2 following antigen recognition (41,42).

Recent work has also suggested that LPS may
trigger the activity of MAP kinases in monocytic
and lymphocytic cell lines (21,43-45). Based on
these findings, we considered that the MAP ki-
nase pathway might transmit signals generated
by LPS that are responsible for regulating TNF
gene transcription and/or TNF mRNA transla-
tion. We therefore sought to investigate the role
of the ras/raf-1/MEK/MAPK pathway in LPS-in-
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duced TNF production in macrophages. In order
to do so, we studied the effect of LPS on the
activity of the MAP kinase pathway in LPS-re-
sponsive and LPS-refractory cells. In addition, we
sought to determine whether dominant inhibi-
tory forms of ras and raf-1 blocked LPS-induced
TNF promoter activity, and finally, whether an
activated mutant of raf-1 stimulated LPS-induced
TNF promoter activity.

MATERIALS AND METHODS
DNA Constructs

raf-BXB and raf-C4B have been described previ-
ously (46,47). Both constructs were placed into a
metallothionine-driven expression vector, pMEP
(Invitrogen). pMEP contains the hygromycin re-
sistance gene driven by the thymidine kinase
promoter. A cDNA encoding a dominant inhibi-
tory form of Ras (17N, 59T) was obtained from
Dr. L. Feig (48). The cDNA was inserted into the
pCEP4 vector for use in these studies. A con-
struct containing the cAMP regulated enhancer
element (CRE) driving CAT (49) was obtained
from Dr. Marc Montminy (Salk Institute, La
Jolla, CA, U.S.A.). Constructs in which a TNF
promoter drives the expression of CAT, in which
a CMV promoter drives the expression of CAT,
and in which a CAT coding sequence is followed
by the TNF 3'-UTR were described previously
(17,50).

Reagents and Antibodies
Phorbol myristate acetate (PMA; Sigma Chemi-
cal Co., St. Louis, MO, U.S.A.) was dissolved in
ethanol and added to cells at a final concentra-
tion of 10 ng/ml. E. coli LPS, from strain 0127:B8,
was obtained from Difco. The LPS was dissolved
at a concentration of 1.0 mg/ml in sterile saline
and frozen at -200C until use. It was added to
cultured cells at the concentrations and for the
length of time indicated in each figure. 8-bromo-
cAMP (Sigma) was added to RAW 264.7 cells
cultures at a concentration of 100 ,ug/ml for a
period of 24 hr prior to harvest and CAT assay.

Rabbit polyclonal antisera raised to the ERK2
peptides A249 and 691, an antiserum raised to
MEKi1 specific peptides A2227, and preimmune
antiserum were generously provided by Dr.
Melanie Cobb (51). The production and bio-
chemical characterization of recombinant histi-

dine-tagged mutant K71->R human ERKI
(rERKI) has been described previously (30).

Stimulation of ERK2 or MEKI activity by
LPS or PMA

Peritoneal macrophages were elicited from C3H/
HeJ or C3H/HeN mice by injecting the animals
with 2.0 ml of sterile Brewer's thioglycollate me-
dium 4 days prior to harvest of the cells. Macro-
phages were obtained by peritoneal lavage with
10 cc of sterile heparinized Dulbecco's modified
Eagle's medium (DMEM) supplemented with
10% fetal bovine serum (FBS). The cells were
allowed to adhere to 10 cm plastic tissue culture
dishes for a period of 2 hr. The dishes were then
washed to remove nonadherent cells, leaving a
purified population of macrophages.

RAW 264.7 cells [ATCC] and NIH 3T3 cells
[ATCC] were fused to produce hybrids as previ-
ously described (19). The RAW 264.7 cells, and
the fusion hybrids, were grown until nearly con-
fluent in DMEM containing 10% FBS. Sixteen
hours before stimulation of RAW 264.7 cells, the
fusion hybrids and peritoneal macrophages were
cultured in medium containing 0.5% fetal calf
serum (FCS) to minimize basal ERK2 activity.
LPS or PMA were added to the cultures as indi-
cated.

ERK2 and MEKI Immune Complex
Kinase Assay

Cells were lysed at 40C in RIPA-H buffer (20 mM
Tris, pH 8.0, 1.0% NP40, 0.5% deoxycholic acid,
0.1% SDS, 150 mM NaCl, 3 mM MgCl2, 6 mM
EGTA, 1 mM DTT, 20 mM p-nitrophenyl phos-
phate, 50 mM NaF, 50 ,uM Na3VO4, 10 ,ug/ml of
aprotinin, 1 mM leupeptin, 1 mM PMSF, and 5
mM benzamidine). The lysates were clarified by
centrifugation (15,000 X g; 10 min), split into
two equal fractions, and incubated with either 5
,lI of A249, 5,l of preimmune sera, 10 Al A2227
(anti-MEK1 antiserum), or 10 ,l of control se-
rum. Immune complexes were precipitated using
SPA agarose. The immune complexes were
washed once with RIPA-H buffer, once with 0.5
M LiCl, 100 mM Tris, pH 7.5, and once with 50
mM Tris, pH 7.6, 100 mM NaCl. The resulting
pellets were incubated at 300C for 30 min in a
reaction buffer containing 20 mM HEPES, pH
7.5, 10 mM MgCl2, 1 mM DTT, 1 mM benzami-
dine, 1 mM EGTA, 50 ,uM [T-32P]ATP (5,200
cpm/pmol), and substrate. Myelin basic protein
(MBP) was used as a substrate for the ERK2
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assay whereas K71->R rERKI (25 jig/ml) was
used as a substrate for MEK1. The reactions were
stopped by boiling in gel loading buffer and ex-
amined by 12% SDS-PAGE, Coomassie staining,
and autoradiography. The amount of phosphate
incorporated into MBP or K71->R rERKI bands
was determined by excising the bands and sub-
jecting them to liquid scintillation. Data are ex-
pressed as picomoles of phosphate incorporated
per milligram of protein in the cellular lysate.

Transfection and CAT assay

Cells were cotransfected with CAT reporter plas-
mids and with plasmids encoding dominant in-
hibitors of ras, raf-1, or empty control vectors
using the method of Chen and Okayama (52).
Forty-eight hours after transfection, the cells
were harvested for CAT assay as previously de-
scribed (53,54). CAT activity was quantitated,
when specified, by phosphorimager analysis.

RESULTS
LPS Stimulates the Activity of MEK1 and
ERK2 in RAW 264.7 Cells, but Not in RAW
264.7 X 3T3 Hybrid Cells
In initial studies we examined the effect of LPS
on the activity of the MAP kinase signaling path-
way in the highly LPS-responsive RAW 264.7
cell line. This was assessed by measuring the
effect of LPS on MEKI and ERK2 activity in
RAW 264.7 cells using immune complex kinase
assays. LPS stimulated MEKI and ERK2 activity
in RAW 264.7 cells (Fig. 1) but in an atypical
fashion. MEK1 and ERK2 activity were detect-
able 30 min after LPS was added to the cultures
and activity peaked 60 min after stimulation. The
response was independent of LPS-induced pro-
tein synthesis, however, as indicated by the fact
that cycloheximide did not diminish kinase acti-
vation (data not shown). ERK2 induction was
detected when LPS was added to the culture at
concentrations as low as 10 ng/ml. Higher con-
centrations of LPS stimulated higher levels of
ERK2 induction, and a maximal response was
observed with the addition of LPS at a concen-
tration of 1 jig/ml (Fig. 2).

By contrast, ERK2 activity was not induced
in RAW 264.7 X 3T3 hybrid cells which, as pre-
viously noted, fail to support LPS-induced TNF
promoter responses (19) (Fig. 3). The hybrid cells
were, however, responsive to PMA induction;
higher levels of ERK2 activity were induced by
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FIG. 1. LPS stimulates MEKI and ERK2 activ-
ity in Raw 264.7 cell
RAW 264.7 cells were cultured in medium contain-
ing 0.5% FCS overnight to minimize basal ERK2
and MEKI activity. LPS was added to the cultures at
a concentration of 100 ng/ml, and the cells were
lysed in RIPA buffer at varying times thereafter.
MEKI and ERK2 activity was assessed using
immune complex kinase assays as described in
Materials and Methods. Each point represents a
single determination.

PMA in hybrid cells than in RAW 264.7 cells.
Moreover, the concentration of ERK present in
the hybrid cells was comparable to that in RAW
264.7 cells as determined by immunoblotting
(data not shown).

LPS Does Not Activate ERK2
in C3H/HeJ Macrophages

In a related set of experiments, primary thiogly-
collate-elicited macrophages from C3H/HeN and
from C3H/HeJ mice were stimulated with LPS in
vitro. While LPS did not stimulate ERK2 activity
in peritoneal macrophages isolated from C3H/
HeJ mice, it did stimulate ERK2 activity in peri-
toneal macrophages from C3H/HeN mice. ERK2
could be activated by PMA in both cell types (Fig.
4). The concentration of ERK2 in PMA-stimu-
lated C3H/HeJ macrophages was comparable to
that observed in C3H/HeN macrophages.
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FIG. 2. ERK2 activity in RAW 264.7 cells stim-
ulated with varying concentrations of LPS
RAW 264.7 cells were exposed to varying concentra-
tions of LPS or left unstimulated after overnight cul-
ture in medium containing 0.5% FCS. Immune
complex kinase assay was performed as described in
Materials and Methods. Each point represents a
single determination.
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FIG. 4. LPS does not stimulate ERK2 activity
in peritoneal macrophages isolated from
C3H/HeJ mice
Peritoneal macrophages isolated from C3H/HeJ or
C3H/HeN mice were cultured overnight in plastic
petri dishes in medium containing 0.5% FCS. LPS
(250 ng/ml) or PMA (10 ng/ml) was added to each
culture, and the cells were lysed in RIPA buffer 1 hr
later. ERK2 activity was assessed using an immune
complex kinase assay as described in Materials and
Methods. The results are expressed as a ratio of the
ERK2 activity present in LPS- or PMA-stimulated
cells to the ERK2 activity present in unstimulated
controls (i.e., fold induction).

Dominant Inhibitors of ras and raf-l
Effectively Block LPS-Induced Responses
of the TNF Promoter

Since MEKI and ERK2 activity can, in other
systems, be activated through activation of ras

and raf-l, we attempted to determine whether
LPS signaling entails activation of these proteins.
Mutant forms of both raf and ras, which inhibit
the activity of the endogenous signaling mole-
cules when expressed in cells, have been identi-
fied previously. These mutant molecules are
termed dominant inhibitory ras or raf-1. Cotrans-
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FIG. 3. LPS does not
stimulate ERK2 activity in
a hybrid cell line

U.UJ LPS was added at a concen-

tration of 1 jig/ml to RAW
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FIG. 5. Effects of dominant inhibitors of ras
and raf-1, and the active raf-BXB protein, on
responses of the TNF promoter to LPS
RAW 264.7 cells were cotransfected with expression
constructs encoding each of these proteins, or with
an empty vector (control), and with a TNF promot-
er-CAT construct. Cells were stimulated with LPS at
a concentration of 1 ,ug/ml 24 hr after transfection
and harvested and lysed for determination of CAT
activity 48 hr after transfection, as described in Ma-
terials and Methods. The ratio of CAT activity in
stimulated versus unstimulated cells (LPS induction
ratio) was calculated on the basis of phosphorimager
analysis. CM, chloramphenicol; AcCM, acetylated
forms of chloramphenicol.
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fection of a dominant inhibitory ras expression
construct into RAW 264.7 cells markedly dimin-
ished LPS-induced TNF promoter activation over
a range of concentrations beneath 1 ,ug/ml (Figs.
5 and 6A); at higher concentrations of LPS, co-
transfection with the dominant negative ras con-
struct did not block promoter activation. A dom-
inant negative raf-1 inhibitor also consistently
decreased the response to low concentrations of
LPS (Figs. 5 and 6A). As with the ras inhibitor,
high concentrations of LPS were capable of stim-
ulating the TNF promoter even in the presence of
co-transfected raf-1 inhibitor. A deletion mutant
of raf-1 lacking the regulatory domain (raf-BXB)
has been found to be constitutively active in
some cell types (46,48). This construct aug-
mented the response of the reporter gene to all
concentrations of LPS (Figs. Sand 6B).

In some experiments (Fig. 7), a cAMP-re-
sponsive promoter was cotransfected with each
of the two dominant-negative expression con-
structs and was still found responsive to induc-
tion by 8-bromo-cAMP. Moreover, the activity of
the LPS-unresponsive CMV promoter was not
influenced by cotransfection with either the ras
or raf-1 inhibitors. Hence, the effect of the inhib-
itors was a specific one and appeared to impact

Raf
BXB

Cont

LPS ng/mL LPS ngtmL

A B
FIG. 6. TNF promoter responses to different LPS concentrations in the presence of dominant inhibi-
tors of ras and raf-l or in the presence of raf-BXB
Cells were cotransfected with ras, raf-1 (A), or raf-BXB (B) expression constructs or empty vector (control) and
with a TNF promoter-CAT construct as described in Materials and Methods. Twenty-four hours later, they were
induced with LPS at the concentration indicated. Forty-eight hours post-transfection, the cells were lysed and CAT
activity was measured. The relative activity of CAT in stimulated cells, with respect to the activity in control cells,
is presented. A separate control was used for each series of cotransfections.
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FIG. 7. CMV promoter activity and CRE pro-
moter activity are not influenced by cotrans-
fection with dominant inhibitors of ras or raf-l
The CMV promoter, which is expressed constitu-
tively in RAW 264.7 cells, and a CRE-containing
promoter, which is expressed in RAW 264.7 cells in
response to dibutyryl cAMP stimulation, were used
to drive CAT mRNA transcription and cotransfected
into RAW 264.7 cells together with empty vector
(control) or constructs encoding dominant ras or
raf-1 inhibitors. CAT activity was assayed 48 hr after
transfection and 24 hr after stimulation with 8-
bromo-cAMP (in the case of the CRE promoter-CAT
system). Little or no inhibitory effect resulted from
inhibitor cotransfection.

upon signaling rather than upon the expression
of CAT activity per se.

Finally, a reporter construct designed to de-
tect signals that affect translational efficiency was
cotransfected with ras and raf-1 inhibitors. In this
reporter a CMV promoter was used to drive ex-

pression of a CAT-coding sequence to which the
TNF 3'-UTR was appended. As previously noted,
the reporter was observed to be LPS-responsive
in RAW 264.7 cells. Cotransfection of ras and
raf-1 inhibitor constructs abolished the LPS re-

sponse of this construct, just as it abolished the

FIG. 8. Release of translational blockade im-
posed by the TNF 3'-UTR is prevented by dom-
inant inhibitors of ras and raf-1.
RAW 264.7 cells were cotransfected with a reporter
construct in which a CMV promoter was used to
drive transcription of a CAT mRNA in which the
TNF 3'-UTR was appended, together with empty
vector (control) or vectors encoding dominant inhib-
itors of ras or raf-1. Cultures were induced with LPS
at a concentration 1 jig/ml 24 hr after transfection,
and cells were harvested for CAT assay 48 hr after
transfection. Quantitation of CAT activity, and calcu-
lation of the induction ratio, was performed using a
phosphorimager. CM, chloramphenicol; AcCM,
acetylated forms of chloramphenicol.

response of the TNF promoter CAT construct

(Fig. 8).

DISCUSSION
We have examined the role of the MAP kinase
pathway in LPS-induced TNF gene activation.
The data demonstrate that LPS induces MEKI
and ERK2 activity in cell types that produce TNF
when exposed to LPS, but not in two cell types
that have lost the ability to produce TNF when
stimulated by LPS. Thus, the activity of the MAP
kinase pathway correlates with LPS-induced TNF
production. In addition, dominant inhibitory
forms of raf-1 and ras block LPS-induced TNF
promoter activation. The LPS responsive 3'-UTR,
which confers translational blockade in resting
cells (15,16), also fails to react to LPS in the
presence of dominant inhibitory ras and raf-1
proteins. We conclude that at least two compo-

nents of the MAP kinase pathway, ras and raf-1,
are required for LPS-induced TNF production.

The finding that LPS does not stimulate
ERK2 activity in macrophages from C3H/HeJ
mice is consistent with previous work demon-
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strating that LPS does not stimulate tyrosine
phosphorylation or a crude increase in MAP ki-
nase activity in cells obtained from mice of this
strain (44,55). The data suggest that the defect in
C3H/HeJ mice is an early one, which lies up-
stream of ERK2.

It has been suggested that LPS triggers
changes in cellular physiology by activating a
tyrosine kinase (20-22,44). The observation that
a variety of tyrosine kinase-initiated signaling
pathways activate ras, raf-1, MEKs, and ERKs is
consistent with this conclusion. It is interesting
to note, however, that in most of the previously
described signal transduction pathways, the rel-
evant upstream stimulus induces ERK activity
within minutes. For example, ERK and MEKI
activity peak 5 min after stimulation via the T cell
receptor in T cells (56). A similar rate of response
is observed when NGF is applied to cells that
express the NGF receptor (57). The delayed re-
sponse witnessed in macrophages exposed to LPS
may suggest tardive activation of a certain up-
stream tyrosine kinase. Notably, however, ERK2
activity is stimulated in the presence of protein
synthesis inhibitors (data not shown), indicating
that stimulation of a pre-existing pathway,
rather than the assembly of a new pathway
through protein synthesis, occurs in the course
of activation.

It is interesting to note that the inhibitory
effect of dominant negative forms of raf-1 and ras
on the transcriptional activity of the TNF pro-
moter induced by LPS varies depending upon the
concentration of LPS that is used. Thus, whereas
the stimulatory effect of a low concentration of
LPS is completely blocked, higher concentrations
of LPS do effect a TNF promoter response. There
are at least two plausible explanations for this
finding. It is clear that increasing concentrations
of LPS lead to increased activity of the pathway.
It is possible that, if signals of sufficient intensity
are generated, dominant inhibitory raf-1 and ras
proteins cannot fully block the pathway, thus
preventing enhanced TNF promoter activity. Al-
ternatively, LPS may activate several parallel
pathways that regulate TNF gene transcription.
At high concentrations of LPS, the activity of
these alternate pathways may be sufficient to
stimulate the TNF promoter despite effective
blockade of the MAP kinase pathway. Taken to-
gether, the data indicate that the MAP kinase
pathway plays an important role in LPS signaling
and that this role is particularly important when
LPS concentrations are low.

Although we used MEKI and ERK2 activity

as a measure of the activity of the MAP kinase
pathway we do not intend to imply that MEKIL
or ERK2 are necessarily involved in transducing
signals to the level of the TNF gene or mRNA. It
is now clear that there are a number of MEKs
and ERKs, that each may have different require-
ments for activation, and that their activity may
regulate different functional events. For exam-
ple, the MAP kinase pathway is known to deliver
signals that increase the transcriptional activity
of AP-1 which consists of c-jun and c-fos (58). It
is now thought that the MAP kinase homolog
that phosphorylates and activates c-jun is JNK
(59,60). ERKs, in contrast, are thought to phos-
phorylate c-jun at sites that inhibit the ability of
c-jun to promote transcription (61,62). A variety
of signals that activate ERKs also activate JNK.
While the identity of the MAP kinase homolog
that functions to transmit signals generated by
LPS remains unknown, recent studies by Han
et al. (45) suggest that the mammalian homolog
of the yeast Hog gene becomes phosphorylated in
70Z/3 cells following LPS stimulation. This pro-
tein then may represent one of the distal com-
ponents of the signaling cascade that leads to
enhanced TNF gene transcription and TNF
mRNA translation.

It is interesting to note that expression of the
free catalytic domain of raf, which is constitu-
tively active in a variety of cell types, is not
sufficient to induce TNF promoter activity. There
are several potential explanations for this find-
ing. First, raf-BXB may be inactive in macro-
phages unless stimulated by LPS. We have ob-
served a similar phenomenon in T cells, in which
raf-BXB is not constitutively active, but is regu-
lated by engagement of the T cell receptor for
antigen (T. D. Geppert, unpublished data). Alter-
natively, the MAP kinase pathway may be nec-
essary but not sufficient for TNF promoter activ-
ity. Thus, there may be a parallel pathway that
does not involve raf-BXB that is required for TNF
promoter activity. Whatever the explanation, the
finding that raf-BXB activity promotes LPS-in-
duced TNF promoter activity supports the hy-
pothesis that raf-1 activity is required for LPS-
induced TNF production.

Activated raf-I has recently been shown to
phosphorylate IKB in a manner that allows
NF-KB to separate from lKB and proceed to the
nucleus (63). raf-1 is also known to phosphory-
late MEK1. As such, it may represent at least one
of the physical branchpoints in the LPS signaling
pathway, which, as noted above, resolves into
both transcriptional and translational compo-
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nents. Viewed from this perspective, it seems
likely that specific MAP kinase homolog(s) lie on
the pathway leading to activation of the transla-
tional response.
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