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SIGNALING PATHWAYS FOR TNF PRODUCTION
INDUCED BY HUMAN AMINOACYL-tRNA
SYNTHETASE-ASSOCIATING FACTOR, p43

Heonyong Park,†* Sang Gyu Park,† Junghee Kim,† Young-Gyu Ko,†**
Sunghoon Kim†¶

The p43 protein is associated with human macromolecular aminoacyl tRNA synthetase complex
and secreted to up-regulate diverse proinflammatory genes including TNF. Here we focused on
the p43-induced TNF production and determined its responsible signal pathway. The p43-
induced TNF production was mediated by the activation of MAPK family members, ERK and
p38 MAPK, and by I�B degradation leading to the activation of NF�B. We also studied the
upstream molecules for ERK and p38 MAPK by using a variety of inhibitors. The inhibitors for
protein kinase C (PKC) and phospholipase C (PLC) prevented the p43-induced TNF production.
Interestingly, all of the effective drugs inhibited the ERK activity, while the drugs had no effects
on p38 MAPK activity and I�B degradation. Together, the p43-induced TNF production was
controlled by NFkB, p38 MAPK, and ERK that is dependent on the activities of PLC and PKC.

� 2002 Elsevier Science Ltd. All rights reserved.
From the †National Creative Research Initiatives Center for ARS
Network, College of Pharmacy, Seoul National University, San
56-1, Shillim-dong, Kwanak-ku, Seoul, 151-742, Korea

Current addresses: *Department of Molecular Biology, Dankook
University, Seoul 140-714, **Graduate School of Biotechnology,
Korea University, Seoul 136-701, Korea

Correspondence to: ¶Sunghoon Kim, National Creative Research
Initiatives Center for ARS Network, College of Pharmacy, Seoul
National University, San 56-1, Shillim-dong, Kwanak-ku, Seoul,
151-742, Korea. Tel: +82 2 880 8180; Fax: +82 2 875 2621;
E-mail: sungkim@snu.ac.kr

Received ; received in revised form ; accepted for publication
1043–4666/02/$-see front matter � 2002 Elsevier Science Ltd.

All rights reserved.

KEY WORDS: mitogen-activated protein kinase/endothelial
monocyte-activating polypeptide II/NF-�B/phospholipase
C/protein kinase C
The p43 protein is a protein associated with
mammalian macromolecular aminoacyl tRNA syn-
thetase complex consisting of at least eight different
enzymes. Interestingly, the C-terminal domain of p43
was shown to be equivalent to EMAP II (endothelial
monocyte-activating polypeptide II) that was first
isolated from the methylcholanthrene A-induced
fibrosarcoma.1 EMAP II enhances cell migration in
polymorphonuclear and mononuclear cells and its
expression is predominant in inflammatory auto-
immune lesions of the rat central nervous system.1

EMAP II also elevates the calcium concentration in the
cytoplasm, and subsequently activates the myelo-
peroxidase. Many inflammatory genes such as tumor
necrosis factor (TNF), TNF receptor-1 and P,
E-selectins, are up-regulated by EMAP II.1
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Since EMAP II is a potent proinflammatory cy-
tokine and generated in vitro by proteolytic cleavage of
p43 with caspase-7, p43 was thought to be a precursor of
EMAP II. However, we have recently shown that p43
itself is secreted from the intact cells and induce proin-
flammatory genes,2 suggesting that it is a real cytokine
working at physiological condition. Among the p43-
induced genes, the expression of TNF was robustly
increased.2 Thus, we decided to dissect the signaling
pathways of the TNF production in response to p43.

TNF has been known to induce numerous pro-
inflammatory activities and be secreted by a variety of
cells, predominantly macrophages and monocytes.3,4

TNF is also considered as a pathogenic mediator in
autoimmune diseases and inflammatory diseases, such
as multiple sclerosis, endotoxic shock, rheumatoid
arthritis and ulcerative colitis.5,6 Therefore TNF is an
important molecule for inflammation and inflamma-
tory diseases. Since the regulation of TNF production
is differentiated depending upon different cell types and
stimuli, determination of the signaling pathway for the
p43-induced TNF production is essential for identify-
ing the physiological and pathophysiological role of
p43 in inflammation.

TNF expression is mediated mainly by mitogen-
activated protein kinases (MAPKs) and NF�B.7–10 In
addition, the TNF production is also mediated by
different signaling molecules such as protein kinase C
(PKC), phospholipase C (PLC) and phosphatidylinosi-
tol 3-kinase (PI3-kinase).11,12 Therefore it is highly
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possible for the signaling molecules, such as PKC, PLC
and PI3-kinase, to be involved in the MAPK activation
leading to the p43-induced TNF production. Here we
have used monocyte and investigated the p43-depedent
signal pathways leading to TNF production.
RESULTS
The p43 protein induces TNF production
To determine the optimal condition of TNF pro-

duction, the dose- or time-dependent experiments of
the TNF production were executed. In Figure 1, TNF
was maximally produced by the treatment of 100 nM
p43 for 2 h. As shown in Figure 1A, the TNF produc-
tion was rapidly increased after 1 h. For dose curve, the
TNF production was highly increased at 20 nM and
appeared maximal at 100 nM of p43 (Fig. 1B). The
time course of the p43-dependent TNF induction is
very similar to that of the TNF production induced by
lipopolysaccharide (LPS) in THP-1 cells.13 Previously
we also examined the time-dependent TNF mRNA
level by cDNA microarray, showing that mRNA was
maximally expressed 30 min after the p43 treatment.2

When the peripheral blood mononuclear cells were
isolated from blood and used to test the p43-induced
TNF production, 1 nM of p43 was sufficient to see the
activity (data not shown), suggesting that p43 would
also induce TNF at the physiological condition.
ERK and p38 MAPK were involved in the
p43-induced TNF production

In THP-1 cells, p43 activates MAPK family mem-
bers.2 Since MAPK family members mediate TNF
production upon cellular exposure to LPS and other
cytokines, we investigated whether these kinases are
also involved in the p43-induced TNF production.
JNK (c-Jun N-terminal protein kinase) is a regulating
factor for TNF production among MAPK family
members. However, because of low transfection ef-
iciency to THP-1 cells and the lack of specific inhibi-
tors, JNK studies were not feasible in the THP-1 cells.
Therefore we dissected the pathway mediated by ERK
(extracellular-signal regulated kinase) and p38 MAPK
in this study. As shown in Figure 2, both of ERK and
p38 MAPK inhibitor blocked the p43-induced TNF
production. These results indicate that ERK and p38
MAPK are specific mediators for the p43-induced
TNF production. The coordinated regulation of TNF
production by ERK and p38 MAPK was reported
previously14 in macrophage. By unknown mechanisms
both ERK and p38 MAPK inhibit the Jun activity,
leading to inhibition of TNF expression. Although
previous reports are consistent with our current obser-
vation, the detailed mechanisms by which ERK
and p38 MAPK regulate the p43-dependent TNF
production remain to be investigated.
Figure 1. The p43 protein induces the TNF production.

(A) THP-1 cells were treated with 100 nM p43 for the indicated time points. Then TNF amounts in the media were measured by ELISA. (B) The
TNF production was measured in the media of THP-1 cell culture treated with the indicated concentration of p43 for 2 h. Data are representative
for the mean�SE obtained from three independent experiments.
PLC and PKC were involved in the p43 induced
TNF production

Since PLC and PKC are upstream molecules to
control the TNF production,11,15 we investigated
whether PLC and PKC molecules are the intermediate
regulators for the p43-induced TNF production. We
first tested whether p43 activates PLC. For monitoring
the PLC activity, the cell lysates were immunoprecipi-
tated with anti-PLC antibody after the treatment of
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THP-1 cells with p43, and immunoblotted with
phospho-tyrosine antibodies. The three different iso-
forms (�, � and �) of PLC were tested for the p43-
induced phosphorylation and observed that the only
PLC� protein was phosphorylated by p43 stimulation
(data not shown). In Figure 3, the phosphorylation of
PLC� was maximally enhanced 10 min after the treat-
ment of p43 and reduced back to basal level at 30 min.
Then, in order to investigate whether PLC and/or PKC
regulate the p43-induced TNF production, we used
general inhibitors, U-73122 and staurosporine, which
block PLC and PKC, respectively. When THP-1 cells
were pretreated with the PLC or PKC inhibitor, the
TNF production was inhibited in either case, indicat-
ing that PKC and PLC control the p43-induced TNF
production (Fig. 4A and B).

Since PKC is activated by diacylglycerol (DAG)
produced by PLC,16 p43 could sequentially activate
both PLC and PKC. We then asked whether the PKC
activation by p43 affects the ERK activity leading to
the TNF production. The pretreatment of the cells
with U-73122 and staurosporine inhibited the p43-
Figure 2. ERK and P38 MAPK are involved in the p43-induced TNF-production.

THP-1 cells were pre-incubated with PD (PD98059) (A), or SB (SB202190) (B) 1 h before the treatment with 100 nM of p43. The TNF amounts
in the media were measured by ELISA. The bar graph shows the mean�SE (n=3).
Figure 3. The p43 protein induces the phosphorylation of PLC�.

The cells were treated with 100 nM of p43 for the indicated time
points. The cell lysates were immunoprecipitated with the antibody
for PLC� and then blotted with the antibody specific for phospho-
tyrosine.
induced activation of ERK (Fig. 4A and B). In con-
trast, either inhibitor has no effect on the p43-induced
activation of p38 MAPK. Taken together, the PLC/
PKC signaling molecules are upstream regulators only
for the ERK activation, but not for the p38 MAPK
activation.
The p43-dependent I�B degradation mediates the
p43-induced TNF production

Since p43 induces the degradation of I�B leading
to NF�B activation,2 we investigated whether the
degradation of I�B is responsible for the p43-induced
TNF production. Since ALLN (N-acetyl-leucinyl-
leucinyl-norleucinal) is a potent inhibitor of NF�B
activation working by the mechanism of preventing
I�B proteolysis,17 ALLN was used for blocking the
degradation of I�B. The pretreatment of cells with
ALLN inhibited the p43-induced I�B degradation and
TNF production in a dose-dependent manner (Fig.
5A), indicating that the I�B degradation may mediate
the TNF production stimulated by p43. We also tested
whether other blocking agents inhibit the I�B degra-
dation induced by p43. Other inhibitors like stauro-
sporine, and U-73122, have no effect on the p43-
induced I�B degradation (Fig. 5B), suggesting that the
I�B degradation is independent of the ERK signaling
pathway.
DISCUSSION

The p43 protein is a newly found cytokine
up-regulating many inflammation-related gene prod-
ucts, such as MIP-1, IL-8, and MCP-1. Therefore, p43
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Figure 4. Inhibitors for PLC� and PKC block the p43-induced production of TNF.

Cells were pretreated with U (U-73122) (A) and Sta (staurosporine) (B) 1 h before the treatment with 100 nM of p43. Then TNF amounts
produced in the media were measured by ELISA. TNF amounts produced by p43 were showed in the bar graphs. The bar graphs show the
means�SE (n=3). The effect of U (U-73122) (A) and Sta (staurosporine) (B) in ERK and p38 MAPK phosphorylation was monitored by
western blots using antibodies specific for the phospho forms of ERK and p38 MAPK.
is suggested to act on the inflammation-related diseases
such as atherosclerosis.2,18 Among the gene products
up-regulated by p43, TNF was most strongly induced
by p43. For this reason, p43 has been also suggested as
an important factor in normal inflammation and
inflammatory diseases related to TNF, such as inflam-
matory arthritis and multiple sclerosis. Since TNF is
considered as a pathogenic mediator in autoimmune
diseases and inflammatory diseases, we dissected the
signaling pathways for the p43-dependent TNF pro-
duction to search for a way of treating the TNF-related
diseases. Interestingly, p43 increases the TNF produc-
tion through the pathways responsible for activation of
ERK, p38 MAPK and NF�B. The identification of the
signaling pathways induced by p43 will be utilized
for the development of synergistically effective drug
combination.

A plethora of reports address that PLC and PKC
are involved in TNF production stimulated by a var-
iety of cytokines and stimulus in different immune
cells. Thus we can easily expect that PLC and PKC are
responsible for the p43-dependent TNF production.
However it is of note to demonstrate here that the
signaling pathway regulated by PLC and PKC is
responsible for ERK activation, which is not sufficient
for inducing the production of TNF. Thus the current
studies suggest that the ERK signaling pathway is
coordinated with other signaling pathways eliciting
activation of p38 MAPK or NF�B. The coordinated
regulation of TNF production by ERK, p38 MAPK
and NF�B was reported in the glass fiber-stimulated
TNF expression.14 In LPS induction of TNF, MAPK
and NF�B are concertedly participated in the produc-
tion of TNF through the CRE and �B sites.19 We now
don’t understand how ERK and p38 MAPK regulate
the induction of TNF production, but the previous
studies provide a possibility that ERK and p38 MAPK
somehow stimulate the Jun activity, interacting with
NF�B in a coordinative manner, which requires the
induction of TNF promoter.

Determination for the signaling pathway is also
important for receptor studies as well as drug develop-
ments. The finding of the upstream molecules involved
in the p43-dependent signal transduction provides an
insight into the potential p43 receptor. However, the
upstream molecules, PLC and PKC are involved in the
only ERK signaling pathway regardless of two inde-
pendent p38 MAPK and NF�B signaling pathways.
We still do not know whether the three independent
stimulation of signaling molecules is caused by separ-
ate receptors or a divergent event triggered by a
p43-specific receptor.

The signaling pathway determined in this study
further supports the roles of p43 as a novel cytokine.
Referring to its role as a cytokine, the signaling path-
ways determined in this study also suggest that p43
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may be responsible for a variety of physiological
and/or pathophysiological functions. Here, we
observed that p43 activates NF�B and MAP kinases,
which regulate a variety of the physiological functions
such as gene expression, cell proliferation and pro-
grammed cell death. Although the scope of the current
study is limited to the TNF production, physiological
roles of p43 are suggested to be diverse.

In conclusion, p43 up-regulates an inflammatory
factor, TNF, via the three independent pathways
involving p38 MAPK, ERK and NF�B. Among them,
the p43-activated ERK pathway was shown to include
PLC and PKC. The results obtained in this work
would also help to unravel other physiological roles of
p43 that are yet to be found.
MATERIALS AND METHODS
Cell culture and materials
THP-1 cells were grown in RPMI 1640 medium supple-

mented with 10% fetal bovine serum (FBS) and 50 �g/ml
streptomycin and penicillin in a 5% CO2 incubator at 37�C.
The primary cultured cells used in this study were between
passages 2 and 4. Antibodies against phospho-ERK1/2,
phospho-p38 were purchased from New England Biolabs.
Anti-phosphotyrosine and anti-phospholipase C-� antibodies
was obtained from BD Transduction Laboratories.
Western blots
The cells treated with p43 were harvested by centrifuga-

tion at 600�g for 5 min and lysed with 0.25 ml of lysis buffer
(50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM vanadate,
1 mM dithiothreitol, 1.0% Triton X-100 and 0.1 mM phenyl-
methylsulfonyl fluoride). For p38 MAPK and I�B� assay,
cells were lysed by sonication in radioimmune precipitation
buffer (RIPA). The proteins in the lysates were resolved by
10% SDS-PAGE and transferred onto a polyvinylidene dif-
luoride (PVDF) membrane (Millipore) and probed with
specific antibodies. The antibodies bound to specific proteins
were reacted with the secondary antibody conjugated with
horseradish peroxidase and then detected with an enhanced
chemiluminescence substrate kit (Amersham).
PLC assay
Vehicle or p43 treated THP-1 cells were harvested by the

centrifugation at 10 000�g and washed twice with ice cold
1X phosphate buffered saline (PBS). Cells were lysed with
the lysis buffer(50 mM HEPES, pH 7.5, 150 mM NaCl,
1 mM EDTA, 2 mM EGTA, 10 mM NaF, 12 mM
b-glycerophosphate, 1 mM Na3VO4, 10% glycerol, 1% Noni-
det P-40, 5 �g/ml aprotinin, 1 mM PMSF, 1 mM DTT) at
4�C for 20 min incubation. Equal amounts of proteins were
incubated with 5�g of anti-PLC� antibody (Santa Cruz) for
2 h. Then, protein G conjugated agarose was added and
incubated for additional 2 h. The immunoprecipitates were
washed three times with the lysis buffer, boiled for 10 min
after mixing with Laemmli sample buffer and then resolved
with 7.5% SDS-PAGE. PLC� and phospho-PLC� was
detected by western blots using anti-PLC� and PY20 anti-
bodies (BD Transduction Laboratories).
Figure 5. An inhibitor for I�B� degradation, ALLN, prevented the
p43-induced TNF production.

Cells were pretreated with indicated concentration of ALLN 1 h
before the p43 treatment. 100 nM of p43 was applied for 1 h to detect
I�B� degradation, whereas cells were treated with 100 nM of p43 for
2 h to determine TNF production (panel A). In panel B, cells were
treated with none or 100 nM of p43 for 1 h after the treatment of
each inhibitor, Sta (staurosporine, 10 �M, 1 h) and U (U-73122,
500 �M, 1 h).
TNF assay
THP-1 cells were treated with p43 as the indicated

amounts and time points. For inhibitor assay, the cells were
pre-incubated with vehicle control or each drug before the
p43 treatment. Then the cells were removed by the centri-
fugation. TNF amounts in the media were measured by an
ELISA using TNF assay kit (Pharmingen).
Construction and purification of the p43 protein
The p43 protein was expressed as His-tag fusion protein

in Escherichia coli BL21 (DE3) and purified by nickel affinity
chromatography and Mono Q or S ion-exchange chromatog-
raphy. To remove lipopolysaccharide (LPS), the protein
solution was dialyzed in pyrogen free buffer (10 mM potass-
ium phosphate buffer, pH 6.0, 100 mM NaCl). After dialysis,
the protein was loaded to polymyxin resin (Bio-Rad) pre-
equilibrated with the same buffer, incubated for 20 min and
eluted. The concentration of the residual LPS was below
20 pg/ml when determined using Limulus Amebocyte Lysate
QCL-1000 kit (Bio Whittacker).
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