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Silica Induces Nuclear Factor-kB Activation through Tyrosine
Phosphorylation of IkB-a in RAW264.7 Macrophages. Kang,
J. L., Pack, I. S., Hong, S. M., Lee, H. S., and Castranova, V.
(2000). Toxicol. Appl. Pharmacol. 169, 59–65.

It was previously reported that protein tyrosine kinase (PTK)
but not protein kinase C or A plays an important role in silica-
induced activation of NF-kB in macrophages. The question is
raised whether PTK stimulation and NF-kB activation in silica-
timulated macrophages are directly connected through tyrosine
hosphorylation of IkB-a. Results indicate that stimulation of
acrophages with silica led to NF-kB activation through tyrosine

hosphorylation without serine phosphorylation. Specific inhibi-
ors of protein tyrosine kinase, such as genistein and tyrophostin
G126, prevented tyrosine phosphorylation of IkB-a in response

o silica. IkB-a protein levels remained relatively unchanged for
p to 60 min after silica stimulation. Moreover, inhibition of
roteasome proteolytic activity did not affect NF-kB activation by
ilica. Antioxidants, such as superoxide dismutase (SOD), N-ace-
ylcysteine (NAC), and pyrrolidine dithiocarbamate (PDTC),
locked tyrosine phosphorylation of IkB-a induced by silica, sug-
esting reactive oxygen species (ROS) may be important regula-
ory molecules in NF-kB activation through tyrosine phosphory-
ation of IkB-a. The results suggest that tyrosine phosphorylation

of IkB-a represents a proteasome proteolytic activity-independent
echanism for NF-kB activation that directly couples NF-kB to

cellular tyrosine kinase in silica-stimulated macrophages. This
proposed mechanism of NF-kB activation induced by silica could
be used as a target for development of antiinflammatory and
antifibrosis drugs. © 2000 Academic Press

Key Words: silica; NF-kB; tyrosine phosphorylation; IkB-a;
acrophages; reactive oxygen species.

Pulmonary deposition of crystalline silica can result i
cycle of lung damage, fibroblast proliferation, and excess
lagen production in the lung, causing lung fibrosis or silic
(Craigheadet al., 1998). Upon contact with silica, alveo
macrophages produce a variety of inflammatory and fibrog

1 To whom correspondence should be addressed. Fax: 82-2-654
-mail: jihee@mm.ewha.ac.kr.
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factors, such as reactive oxygen species (ROS), lipid m
tors, cytokines (IL-1, IL-6, TNFa), chemokines, and macr
phage-derived growth factors (Lapp and Castranova, 1993
et al.,1998), which are critical to silica-induced pathogene

Nuclear factor kappa B (NF-kB) is an essential transcripti
actor that regulates the gene expression of various cytok
hemokines, growth factors, and cell-adhesion molec
Chenet al., 1999; Barnes and Karin, 1997). Therefore, a
ation of NF-kB binding to various gene promoter regio

appears to be a key molecular event in the initiation of si
induced pulmonary disease. Recent evidence indicates tin
vitro exposure of macrophages to silica results in activatio
NF-kB (Chenet al.,1998; Kanget al.,2000a). Silica-induce
activation of NF-kB in pulmonary phagocytes has also b
demonstrated afterin vivo exposure to silica (Sackset al.,
1998).

The most predominantly characterized NF-kB complex is a
p50/p65 heterodimer, which is associated at rest with a
hibitor protein, IkB, and is retained in the cytoplasm (Za
nd Baeuerle, 1990). Phosphorylation is an important eve
F-kB activation at different levels. The active NF-kB can

then translocate to the nucleus, where it binds to a NF-kB motif
nd functions as a transcriptional regulator.
Induced phosphorylation of IkB-a protein occurs at tw

conserved serine residues, serine 32 and 36, in the N-ter
domain of IkB-a (Brockmanet al., 1995; Brownet al., 1995;

iDonato et al., 1996). Phosphorylation of serine resides
kB-a is followed by the ubiquitination of this protein, leadi

to degradation of IkB-a by proteasomes. Two cytokine-indu
ible kinases, called IkB kinases (IKK-a and IKK-b), were
identified that phosphorylate IkB-a on serine 32 and 3
DiDonatoet al., 1997; Mercurioet al., 1997; Regnieret al.,

1997; Woroniczet al., 1997; Zandiet al., 1997). This regula
pathway for NF-kB activation is triggered by tumor necro
factor (TNF), interleukin (IL)-1b, phorbol 12-myristate 13
acetate (PMA), okadaic acid, or lipopolysaccharide (LPS

Recent evidence indicates exposure of T cells to hyp
reoxygenation, and pervanadate results in phosphorylati
IkB-a on tyrosine 42 (Koonget al.,1994; Imbertet al.,1996).
71.
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60 KANG ET AL.
These authors also reported an alternative mechanis
NF-kB activation by which tyrosine phosphorylation does
ead to degradation of the IkB-a through the proteasome pa
way, unlike serine phosphorylation of IkB-a.

Recent evidence indicates thatin vitro exposure of macro
hages to silica induces tyrosine phosphorylation of pro
Kang et al., 2000a; Holianet al., 1994). Silica-induced ty
osine phosphorylation of proteins has also been demons
fter in vivo exposure to silica (Gossartet al., 1996). Ou
revious study indicates that protein tyrosine kinase (PTK
ot protein kinase C or A plays an important role in sil

nduced activation of NF-kB in macrophages, as shown by
se of various specific tyrosine or protein kinase inhib
Kang et al., 2000a).

Recently, molecular approaches demonstrated that RO
irectly affect the cellular signaling apparatus and, co
uently, the control of gene expression (Remacleet al.,1995).

Exposure of lung phagocytes to silica results in the produ
of reactive oxygen species (Castranovaet al.,1996). Evidenc
ndicates that reactive oxidants play a role in silica-indu
ctivation of NF-kB. Indeed, a variety of antioxidants (ca

lase, superoxide dismutase,a-tocopherol, pyrrolidine dithio
arbamate, orN-acetylcysteine) have been shown to inh
ilica-induced NF-kB activation of macrophagesin vitro (Kang

et al.,2000a). Hydroxyl radical has been suggested as th
activation signal for NF-kB activation (Shiet al., 1999). Fur
hermore, ROS have been reported to function as physiolo
egulators of tyrosine phosphorylation by their effects on
ant-sensitive tyrosine kinase and/or tyrosine phosphatas
lkow et al., 1993; Bauskinet al., 1991). Indeed, NAC inhib

ted silica-induced tyrosine phosphorylation in both
bsence and the presence of pervanadate, a protein ty
hosphatase inhibitor (Kanget al., 2000b).
However, the mechanism involved in silica-induced act

ion of NF-kB is not completely understood. Whether P
timulation and NF-kB activation in silica-stimulated macr
hages are directly connected through tyrosine phospho

ion of IkB-a remains a question.
Therefore, in the present study we investigated (1) whe

ilica induces tyrosine and/or serine phosphorylation of IkB-a
in RAW264.7 macrophages; (2) whether the phosphoryla
of IkB-a leads to degradation of IkB-a by proteasomes
response to silica; and (3) whether reactive oxygen sp
(ROS) are involved in induction of the phosphorylation
IkB-a in silica-stimulated macrophages.

METHODS

Reagents. Crystalline silica (Min-U-Sil, particle size,5 mm) was ob
ained from U.S. Silica Corp. (Berkeley Springs, WV). Prior to use, the s
amples were sterilized by heating at 160°C for 90 min in a dry oven.
articles were dispersed in DMEM (Life Technologies, Inc., Madison,
ith supplements just before addition to culture plates. Antibodies used
tudy were anti-IkB-a rabbit polyclonal (New England Biolabs, Inc., Beve

MA), antiphospho-IkB-a (Serine 32) (New England Biolabs), and anti-ph
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hotyrosine 4G10 (Upstate Biotechnology, Lake Placid, NY). Genis
G126, superoxide dismutase (SOD),N-acetylcysteine (NAC), pyrrolidin
ithiocarbamate (PDTC), and peptide Cbz-Ile-Glu (O-t-Bu)-Ala-leucinal (
ere purchased from Sigma Chemical Company (St. Louis, MO). MG11
G132 were purchased from Calbiochem (San Diego, CA). DNA polym
nd dNTP were purchased from Life Technologies (Gaithersburg, MD)

Cell line and cell culture. RAW264.7 cells, a mouse peritoneal mac
hage cell line, were obtained from American Type Culture Collection (R
ille, MD). The cells were maintained in DMEM (Life Technologies) sup
ented with 5% fetal bovine serum (FBS) (HyClone, Logan, UT), 2
lutamine, and 1,000 units/ml penicillin–streptomycin.

Immunoprecipitation. The confluent cells grown on 100-mm plas
ishes were incubated in DMEM supplemented with 5% FBS, 2 mM

amine, and 1000 units/ml penicillin–streptomycin for 3 days. Cells then
reated with silica (100mg/ml) in the presence or absence of specific tyro
inase inhibitors, such as genistein (74mM) and AG126 (30mM), or antioxi-
ants, such as SOD (1500 units/ml), NAC (1 mM), and PDTC (250mM), and

washed with ice-cold phosphate-buffered saline (pH 7.4). The washed
were lysed with 1 ml of ice-cold lysis buffer containing 50 mM Tris–HCl (
8), 150 mM NaCl, 1% Nonidet P-40 (NP-40), 100mg/ml phenylmethylsulfo
nyl fluoride (PMSF), 1mg/ml leupeptin, 1 mM Na3VO4, 5 mM EDTA, and 1

M benzamidine.
The cell lysate was centrifuged for 5 min at 13,000g. The resulting supe

atant was incubated with anti-IkB-a rabbit polyclonal at 4°C for 1 h followe
y incubation at 4°C for 30 min with protein A- or G-conjugated Sepharo

mg/ml). The antigen/antibody complexes were pelleted by centrifugatio
30 s. The pellet was then washed three times with ice-cold lysis buff
centrifugation at 13,000gfor 30 s, dissolved in 20ml of Laemmli’s sample

uffer, and separated on 10% SDS–polyacrylamide gels (Laemmli, 197

Western blotting. The fractionated proteins for tyrosine-phosphoryla
kB-a or cytoplasmic extracts from silica (100mg/ml) or LPS (1.0mg/ml)
treated cells for IkB-a and phospho-IkB-a (Ser32) were resolved on 10

SDS–polyacrylamide gels and electrophoretically transferred onto a nit
lulose paper as described by Towbinet al.(1979). Antibody labeling of prote
bands was detected with enhanced chemiluminescence (ECL) reagents
ing to the supplier’s protocol.

Nuclear extracts. Nuclear extracts were prepared by a modified metho
Sunet al. (1994). RAW264.7 cells were cultured in six-well plates at 53 106

cells/ml for 3 days; then the medium was replaced with fresh medium and
were pretreated with specific proteasome inhibitors, such as MG115 (2
mM), MG132 (25, 50mM), or a specific inhibitor of the chymotrypsin-lik
activity of the proteasome PSI (25, 50mM). After a 2-h pretreatment, ce
were cultured with silica (100mg/ml) or LPS (1.0mg/ml) in the absence
resence of inhibitor as indicated for 4 h. The concentrations of silica o
nd the duration of exposure used in this investigation were determined
revious concentration–response and time-course studies for NF-kB activation
Kanget al.,2000a). At the end of the 4-h exposure, the cells were harv
nd resuspended in hypotonic buffer A (100 mM HEPES, pH 7.9; 10 mM
.1 M EDTA; 0.5 mM dithiothreitol; 1% Nonidet P-40; and 0.5 mM phen
ethylsulfonyl fluoride) for 10 min on ice and then vortexed for 10 s. Nu
ere pelleted by centrifugation at 12,000gfor 30 s and resuspended in buf
(20 mM Hepes, pH 7.9; 20% glycerol; 0.42 M NaCl; 1 mM EDTA; and
M PMSF) for 30 min on ice. The supernates containing nuclear proteins

ollected by centrifugation at 10,000gfor 2 min and stored at270°C.

Electrophoretic mobility shift assay (EMSA). Binding reaction mixture
10 ml) containing 5mg (4 ml) of nuclear extract protein, 2mg of poly(dI-dC)•

(Sigma Co.), and 40,000 cpm of32P-labeled probe in binding buffer (4 m
EPES, pH 7.9; 1 mM MgCl2; 0.5 mM DTT; 2% glycerol; and 20 mM NaC
ere incubated for 30 min at room temperature. Protein–DNA complexes
eparated on 5% nondenaturing polyacrylamide gels in 13Tris–borate/EDTA
lectrophoresis buffer and autoradiographed overnight.
The oligonucleotide used as a probe for EMSA was a double-stranded

ontaining NF-kB consensus sequence (59-CCTGTGCTCCGGGAATT
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61SILICA INDUCES TYROSINE PHOSPHORYLATION OF IkB-a
CCTGGCC-39) labeled with [a-32P]dATP (Amersham, Buckinghamshire, U
using a DNA polymerase Klenow fragment.

RESULTS

A previous report from our laboratory has shown that e
sure of RAW264.7 macrophages to silica (100mg/ml) resulted
in maximal NF-kB activation (Kanget al.,2000a). In addition

e reported that silica-induced NF-kB activation was blocke
y inhibition of tyrosine kinase but not protein kinase C o
Kang et al., 2000a).

To assess a direct connection between PTK stimulation
F-kB activation in silica-stimulated macrophages thro

yrosine phosphorylation of IkB-a, RAW264.7 macrophag
were exposed to silica (100mg/ml), and cell lysates from
ilica-treated or untreated cells were then used for immun
ipitation with control IgG (Fig. 1A, lanes 1 and 2) or w
kB-a-specific antibody (lanes 3–8) followed by Western
nalysis with the antiphosphotyrosine mAb. Substantia
osine phosphorylation of IkB-a was observed after 5 min

silica stimulation and was sustained through a 30-min expo
of RAW264.7 cells to silica (Fig. 1A). In contrast, treatmen
RAW264.7 cells with silica did not alter the tyrosine ph
phorylation level of the IgG immunoprecipitate, indicating t
the phosphorylated tyrosine residue was specifically pres
on IkB-a. No tyrosine-phosphorylated IkB-a was detected i
nstimulated cells (Fig. 1A, lane 3). To confirm that pro

yrosine kinase activation was directly connected to the NFkB
ctivation in silica-stimulated RAW264.7 macrophages,
ific protein tyrosine kinase inhibitors, such as genistein

mM) and AG 126 (30mM), were added to the cells 2 h befo
xposure to silica. As shown Fig. 1B, tyrosine phosphoryla
f IkB-a in cells exposed to silica for 5–30 min was marke

blocked by either genistein or AG 126.
Although these data indicate that silica-induced NF-kB ac-

tivation is mediated by tyrosine phosphorylation of IkB-a, it is
ossible that serine phosphorylation of IkB-a could also be

signal for NF-kB activation by silica treatment. To exam t
possibility in our model, cells were exposed to silica or L
and cell lysates from stimulant-treated or untreated cells

FIG. 1. Tyrosine phosphorylation of IkB-a in silica-stimulated RAW264.7
lysates were incubated with control Ig (lanes 1 and 2) or anti-IkB-a mAb (
antiphosphotyrosine mAb. Effect of tyrosine kinase inhibitors on silica-indu
74 mM) or AG126 (30mM) before treatment with silica (100mg/ml) for an ad

before analysis of tyrosine phosphorylation by Western blotting with anti-p
-

nd
h

e-

t
-

re
f
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t
ted

e-
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n

,
re

then examined for serine phosphorylation of IkB-a by Western
blot analysis with anti-phospho-IkB-a (serine 32) Ab. Serin
phosphorylation of IkB-a was minimally induced after silic
timulation for 20 min. In contrast, LPS stimulation indu
ubstantial serine phosphorylation within 5 min, which
reased further at 10 min of LPS exposure (Fig. 2).
We studied whether tyrosine phosphorylation of IkB-a leads

he proteasome-dependent degradation of IkB-a similar to tha
reported for serine phosphorylation. The cell lysates w
analyzed by Western blotting with anti-IkB-a Ab at various
times after stimulation of RAW264.7 cells with silica or LP
IkB-a protein levels were unchanged for up to 45 min of s
reatment and were increased slightly after 60 min, presum
ue to newly synthesized IkB-a protein (Figs. 3A and 3C). I
ontrast, degradation of IkB-a occurred at 10 min after LP
timulation and continued for up to 30 min. Newly synthes
kB-a protein was increased for up to 240 min after L

stimulation (Figs. 3B and 3D). Figure 4 shows the effec
specific proteasome inhibitors, such as MG 115 and MG
or a specific inhibitor of the chymotrypsin-like activity of t
proteasome (PSI) on silica- or LPS-induced NF-kB activation
in macrophages. Specific proteasome inhibitors did not pre
NF-kB activation in silica-treated cells (Fig. 4A). In contra

G 115 (50mM), MG 132 (50mM), or PSI (25mM) inhibited
NF-kB activation in LPS-stimulated cells by 90, 60, or 42
espectively (Fig. 4B). The data presented thus far sugges
yrosine phosphorylation of IkB-a in silica-stimulated cell
does not lead to potent degradation of the IkB-a through the
proteasome pathway.

Data in Fig. 5 indicate that antioxidants, such as SOD (1
units/ml), NAC (1 mM), and PDTC (200mM), blocked ty-
osine phosphorylation of IkB-a induced by silica, suggestin

lls (A). RAW264.7 cells were incubated with silica (100mg/ml) for 5–30 min. The
s 3–8) before analysis of tyrosine phosphorylation by Western blotting
tyrosine phosphorylation of IkB-a (B). Cells were preincubated for 2 h with genist
nal indicated time (5–30 min). The lysates were incubated with anti-IkB-a mAb
photyrosine mAb. Data are representative of at least three experiments.

FIG. 2. Effects of silica or LPS on serine phosphorylation of IkB-a in
RAW264.7 cells. RAW264.7 cells were incubated with silica (100mg/ml) for
2–20 min or LPS (1.0mg/ml) for 2–10 min. Serine phosphorylation w
analyzed by anti-phospho-IkB-a (serine 32) Western blotting. Data are rep
sentative of at least three experiments.
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62 KANG ET AL.
that ROS may be important regulatory molecules in NFkB
ctivity through tyrosine phosphorylation of IkB-a.

DISCUSSION

The objective of the present investigation was to eluci
the mechanistic relationship between PTK stimulation
NF-kB activation in silica-stimulated macrophages. Data i
ate thatin vitro stimulation of RAW264.7 macrophages w
ilica resulted in NF-kB activation through tyrosine phosph

ylation of IkB-a without a noticeable decline in IkB-a levels.
In addition, antioxidants such as SOD, NAC, and PDTC
hibited tyrosine phosphorylation of IkB-a after silica stimula
tion.

Data from the present study support an alternative pat
for NF-kB activation reported by Imbertet al. (1996), which
nvolves tyrosine phosphorylation of IkB-a without apprecia
ble degradation of IkB-a. This pathway has been identified
urkat-T cells treated with hypoxia, reoxygenation, and
anadate (Koonget al., 1994; Imbertet al., 1996). Further
ore, Singhet al. (1996) have reported that in anin vitro

econstitution system, tyrosine-phosphorylated IkB-a was pro
tected from degradation induced by pervanadate. In contr
this alternative pathway, the regular pathway of NF-kB acti-
ation induced by TNFa, IL-1, okadaic acid, PMA, or LP

shows inducible phosphorylation of IkB-a at both serine 3
and 36 leading to its degradation through ubiguitination
volving the 26S proteasome (DiDonatoet al.,1996; Schereret
al., 1995; Chenet al.,1995a; Alkalayet al.,1995). Currently
two cytokine-inducible kinases (IKK-a and -b) have bee
dentified that phosphorylate IkB-a on serine 32 and 3

FIG. 3. Kinetics of degradation and resynthesis of IkB-a during exposur
) or LPS (1.0mg/ml; B) for the indicated times. Cell lysates were analy
r LPS (D) were evaluated by scanning the autoradiograms (A, B). Da
te
d
i-

-

ay

r-

to

-

DiDonatoet al., 1997; Mercurioet al., 1997; Regnieret al.,
1997; Woroniczet al., 1997; Zandiet al., 1997).

By site-specific mutation and deletion analysis, tyrosin
on IkB-a was identified as a phosphoregulation site (Imbeet
al., 1996; Singhet al.,1996). Our data also indicate that ra
tyrosine phosphorylation of IkB-a can occur independent
serine phosphorylation. Therefore, the tyrosine phospho
tion of IkB-a may be an essential early event for the activa
of NF-kB by silica.

Stimulants that induce NF-kB activation via the inducibl
phosphorylation of IkB-a also lead to the inducible phosph
lation of different subunits of NF-kB, such as p105 and p6
iehl et al. (1995) reported the RelA (p65) subunit becom

apidly phosphorylated in response to TNFa. Several of th
NF-kB inducers lead to phosphorylation and carboxyl term
egradation of the p105 precursor protein (Baeuerle
enkle, 1994; Siebenlistet al.,1994). A role for this inducibl
hosphorylation has been suggested to involve enhancem
NA binding, but may also be correlated with release f

kB, nuclear translocation, and activation of transcription fu
ions (Naumann and Scheidereit, 1994).

Our data indicate that IkB-a degradation was not appar
or 60 min after silica stimulation. Indeed, studies indicate
ecline in IkB-a levels for up to 2 h after silica exposure (d
ot shown). Furthermore, specific proteasome inhibitors
ot block NF-kB activation in silica-treated cells. In contra

specific inhibitors of proteasome or the chymotrypsin-like
teasome, which were used in our model, have been sho
block LPS- or TNFa-induced IkB-a degradation and NF-kB

ctivation (Chenet al.,1997a; Traenckneret al.,1995, 1994)
herefore, our data support the hypothesis that, unlike

RAW264.7 cells to silica or LPS. Cells were incubated with silica (100mg/ml;
by IkB-a Western blotting. The levels of IkB-a, after stimulation with silica (C
re representative of at least three experiments.
e of
zed
ta a
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63SILICA INDUCES TYROSINE PHOSPHORYLATION OF IkB-a
stimulation, NF-kB activation through phosphorylation
kB-a in silica-stimulated RAW264.7 cells is not dependen

a proteasomal pathway. Consistent with our data, Chenet al.
(1997b) have also reported the lack of an effect of a pro
some inhibitor, MG132, on silica-induced NF-kB activation

hey concluded that it was improbable that the absenc
nhibition was due to nonspecific absorption or binding

G132 by silica particles. It has been also shown that in
ion of proteasome proteolytic activity did not affect NF-kB
induction in pervanadate-stimulated T cells (Imbertet al.,
1996). Chenet al. (1995b, 1997b) also have reported t
serine protease may play a role in silica-induced NF-kB acti-
vation, since this activation is inhibited byN-benzoyl-L-ty-
rosine ethyl ester (BTEE) orN-tosyl phenylalanine cholorom
ethyl ketone (TPCK). In addition, overexpression
calpastatin, an inhibitor of the cystein protease (calp
blocked NF-kB activation by silica.

In vitro phosphorylation/dephosphorylation experime
trongly suggested that tyrosine phosphorylation directly i
ered with the interaction between IkB-a and NF-kB (Imbertet
l., 1996). However, it has not been known how tyros
hosphorylation released IkB-a. Beraudet al. (1999) have

ound that the regulatory subunit of phosphoinositide 3-ki

FIG. 4. Electrophoretic mobility shift assay (EMSA) illustrating the eff
Nuclear extracts were prepared from RAW264.7 cells pretreated for 2 h
of chymotrypsin-like activity of the proteasome (PSI, 25 or 50mM), and the
esults of EMSA are shown (upper panel). These data were quantified b
PS-stimulated cells (lower panel). Data are representative of at least
n

a-

of
f
i-

t

f
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s
r-

e

e

PI3-kinase) associates through its Src homology 2 dom
ith tyrosine-phosphorylated IkB-a in vitro as well asin vivo.
his could explain how tyrosine phosphorylation of IkB-a can

ead to NF-kB activation without degradation of IkB-a. How-
ever, how PI3-kinase activity contributes to NF-kB activation
or how phosphorylation of IkB-a by PI3-kinase causes t

s of proteasome inhibitors on silica- (A) or LPS- (B) induced activation ofkB.
ith proteasome inhibitors (25 or 50mM), such as MG115, MG 132, or an inhibit
timulated by silica (100mg/ml) or LPS (5.0mg/ml) for an additional 4 h. Th
ensitometric analysis and are presented as a percentage of the respon
e experiments.

FIG. 5. Effects of antioxidants on tyrosine phosphorylation of IkB-a in
silica-stimulated RAW264.7 cells. Cells were preincubated for 2 h with
peroxide dismutase (1500 units/ml),N-acetylcysteine (1 mM), or pyrrolidin
dithiocarbamate (200mM) before treatment with silica (100mg/ml) for an
additional 20 min. The lysates were incubated with anti-Ik-aB mAb before

nalysis of tyrosine phosphorylation by Western blotting with antiphosp
osine mAb. Data are representative of at least three experiments.
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64 KANG ET AL.
release of IkB-a from the NF-kB complex remains unclea
The exact role of PI3-kinase activity in NF-kB activation in
silica-stimulated macrophages and development of silico
being investigated in our laboratory.

Tyrosine phosphorylation of IkB-a and NF-kB activation
were impaired in Lck-deficient Jurkat varients, suggesting
IkB-a could be phosphorylated by Lck or by a Lck-activa
PTK (Imbertet al., 1996). Koonget al., (1994) have reporte
hat both dominant negative alleles ofHa-Rasand Raf-1 in-
ibited NF-kB induction by hypoxia, suggesting that the

poxia-induced pathway for NF-kB activation is dependent o
RasandRaf-1kinase activity. In macrophages, both IkB kinase
(IKK) and stress-activated protein kinase/ERK kinase (SE
an intermediate kinase within the mitogen-activated pro
kinase (MEKK1) to c-Jun N-terminal kinase (JNK) casca
are involved in vanadate-induced NF-kB activation. Howeve

hich PTK is involved in downstream signaling events lea
o NF-kB activation or which PTK directly catalyzes tyros
phosphorylation of IkB-a in silica-stimulated macrophages h
ot been identified. Consistent with data presented in
resent study, Rupec and Baeuerle (1995) reported that IkB-a

tyrosine phosphorylation was induced after reoxygenatio
hypoxic Jurkat cells, suggesting that ROS could stimu
tyrosine phosphorylation of IkB-a. ROS have been reported

lay a regulatory role in the protein tyrosine phosphorylatio
ell as NF-kB activation (Suzukiet al.,1997; Remacleet al.,
995). Which tyrosine kinase is targeted by ROS in ma
hages and the exact role in which ROS induce phospho

ion of IkB-a in models of silica exposure remain to
nderstood.
Chen et al. (1998) reported that SOD enhanced silica

duced NF-kB activation in macrophages. They concluded
OD increased H2O2 levels and thus induced hydroxyl radi
roduction via a Fenton reaction with Fe21 on the silica. Sinc
ilica-induced NF-kB was inhibited by sodium formate, th

proposed that hydroxyl radical was a key modulator of NFkB
activation. In contrast, results from the present study ind
that SOD inhibited rather than increased silica-induced
rosine phosphorylation of IkB-a. In addition, our previous da
ndicate that SOD decreased silica-induced NF-kB activation
in a dose-dependent manner (Kanget al., 2000a). A possibl
reason for this difference is that trace iron levels may h
been lower in the radical production. In such a case,
would inhibit rather than increase hydroxyl radical genera
and the resultant activation of NF-kB. Such a possibility i
summarized by the reaction scheme

Fe31 1 O2
23 Fe21 1 O2

Fe21 1 H2O23 Fe31 1 zOH 1 OH2.

In conclusion, results of the present study indicate
timulation of RAW264.7 macrophages with silica indu
is

at
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in
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e

of
te

s

-
la-

-
t

te
-

e
D
n

at
s

F-kB activation through tyrosine phosphorylation of IkB-a.
ROS appear to be important regulatory molecules in this IkB-a
tyrosine phosphorylation. However, this silica-enhanced
rosine phosphorylation of IkB-a and activation of NF-kB do
not appear to be dependent on proteasome-induced degra
of IkB-a.

ACKNOWLEDGMENTS

This work was supported by the Korea Science and Engineering Foun
through the Center for Cell Signaling Research at Ewha Womans Univ
(1998 G 0102).

REFERENCES

Alkalay, I., Yaron, A., Hatzubai, A., Orian, A., Ciechanover, A., and B
Nerich, Y. (1995). Stimulation-dependent IkB-a phosphorylation marks th
NF-kB inhibitor for degradation via the ubiquitin-proteasome pathw
Proc. Natl. Acad. Sci. USA92, 10599–10603.

Baeuerle, P. A., and Henkel, T. (1994). Function and activation of NF-kB in
the immune system.Annu. Rev. Immunol.12, 141–179.

Barnes, P. J., and Karin, M. (1997). A pivotal transcription factor in chr
inflammatory diseases.New Engl. J Med.366,1066–1071.

Bauskin, A. R., Alkala, I., and Ben-Neriah, Y. (1991). Redox regulation
protein tyrosine kinase in the endoplasmic reticulum.Cell 66, 685–696.

Beraud, C., Henzel, W. J., and Baeuerle, P. A. (1999). Involveme
regulatory and catalytic subunits of phosphoinositide 3-kinase in NkB
activation.Proc. Natl. Acad. Sci. USA96, 429–434.

Brockman, J. A., Scherer, D. C., McKinsey, T. A., Hall, S. M., Qi, X., L
W. Y., and Ballard, D. V. (1995). Coupling of a signal response doma
IkB-a to multiple pathway for NF-kB activation. Mol. Cell. Biol. 15,
2809–2818.

rown, K., Gerstburger, S., Carlson, L., Franzoso, G., and Siebenli
(1995). Control of I kappa B-alpha proteolysis by site-specific, sig
induced phosphorylation.Science267,1485–1488.

astranova, V., Antonini, J. M., Reasor, M. J., Wu, L., and Vandyke
(1996). Oxidant release from pulmonary phagocytes. InSilica and Silica
Induced Lung Diseases(Castranova, V., Vallyathan, V., and Wallace, W.
Eds.), pp. 185–195. CRC Press, Boca Raton, FL.

hen, F., Castranova, V., Shi, X., and Demers, L. M. (1999). New insight
the role of nuclear factor-kB, a ubiquitous transcription factor in the in
ation of diseases.Clin. Chem.45, 7–17.

Chen, F., Lu, Y., Demers, L. M., Rojanasakul, Y., Shi, X., Vallyathan, V.,
Castranova, V. (1998). Role of hydroxyl radical in silica-induced NFkB
activation in macrophages.Ann. Clin. Lab. Sci.28, 1–13.

hen, F., Sun, S. C., Kuhn, D. C., Gaydos, L. J., Shi, X., and Demers,
(1997a). Terandrine inhibits signal-induced NF-kB activation in rat alveola
macrophages.Biochem. Biophys. Res. Commun.231,99–102.

Chen, F., Lu, Y., Kuhn, D. C., Maki, M., Shi, X., Sun, S. C., and Demers, L
(1997b). Calpain contributes to silica-induced IkB-a degradation an
NF-kB activation.Arch. Biochem. Biophys.342,383–388.

Chen, F., Sun, S. C., Kuhn, D. C., Gaydos, L. J., and Demers, L. M. (19
Essential role of NF-kB activation in silica-induced inflammatory media
production in macrophages.Biochem. Biophys. Res. Commun.214, 985–
992.

Chen, Z., Hagler, J., Palombella, V. J., Melandri, F., Scherer, D., Ballar
and Maniatis, T. (1995b). Signal-induced site-specific phosphorylatio
gets I kappa B-alpha to the ubiquitin-proteasome pathway.Genes Dev.9,
1586–1597.

Craighead, J. E., Kleinerman, J., Abraham, J. L., Gibbs, A. R., Green, F.



98
ner

M.
scr

h, S
tion

a
an

atio
le o

mi,
ulat

wit

ller-
., a

uce
and

em
sine
ies

an

ase

L bly

L kers

M i, J.
97)
fo

N

R e, M

R ). Low
.

R r cells
ctor

a, V.,
uced
pres-

. W.
speci-

tive
.

. S.,
aspi-
pid

n and

sine
phos-

T-cell
n

Rel

S ors of

T fer of
e and

T and
6
se

ibitor
of

7). I
ith I

te

97).
IKK
kappa

65SILICA INDUCES TYROSINE PHOSPHORYLATION OF IkB-a
Harley, R. A., Ruettner, J. R., Vallyathan, V., and Juliano, E. B. (19
Diseases associated with exposure to silica and non-fibrous silicate mi
Arch. Pathol. Lab. Med.112,673–720.

DiDonato, J. A., Hayakawa, M., Rothwarf, D. M., Zandi, E., and Karin,
(1997). A cytokine-responsive I kappa B kinase that activates the tran
tion factor NF-kappa B [see comments].Nature (London)388,548–554.

DiDonato, J. A., Mercurio, F., Rosette, C., Wu-Li, J., Sutyang, H., Ghos
and Karin, M. (1996). Mapping of the inducible I kappa B phosphoryla
sites that signal its ubiquitination and degradation.Mol. Cell. Biol. 16,
1295–1304.

Diehl, J., Tong, W., Sun, G., and Hannink, M. (1995). TNFa-dependent of
RelA homodimer in astrocytes: increased phosphorylation of RelA
MAD-3 precede activation of RelA.J. Biol. Chem.270,2703–2707.

Fialkow, L., Chan, C. K., Grinstein, W., and Downey, G. P. (1993). Regul
of tyrosine phosphorylation in neutrophils by the NADPH oxidase: Ro
reactive oxygen intermediates.J. Biol. Chem.268,17131–17137.

Gossart, S. G., Cambon, C., Orfila, C., Lepert, J. C., Séguélas, M. H., Ra
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