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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-
stimulated macrophages are directly connected through tyrosine
phosphorylation of 1kB-a. Results indicate that stimulation of
macrophages with silica led to NF-«B activation through tyrosine
phosphorylation without serine phosphorylation. Specific inhibi-
tors of protein tyrosine kinase, such as genistein and tyrophostin
AG126, prevented tyrosine phosphorylation of 1kB-« in response
to silica. IkB-« protein levels remained relatively unchanged for
up to 60 min after silica stimulation. Moreover, inhibition of
proteasome proteolytic activity did not affect NF-«B activation by
silica. Antioxidants, such as superoxide dismutase (SOD), N-ace-
tylcysteine (NAC), and pyrrolidine dithiocarbamate (PDTC),
blocked tyrosine phosphorylation of 1kB-« induced by silica, sug-
gesting reactive oxygen species (ROS) may be important regula-
tory molecules in NF-kB activation through tyrosine phosphory-
lation of 1kB-a. The results suggest that tyrosine phosphorylation
of 1kB-a represents a proteasome proteolytic activity-independent
mechanism for NF-kB activation that directly couples NF-«B 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
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Pulmonary deposition of crystalline silica can result in

factors, such as reactive oxygen species (ROS), lipid medi
tors, cytokines (IL-1, IL-6, TNk), chemokines, and macro-

phage-derived growth factors (Lapp and Castranova, 1993; S
et al., 1998), which are critical to silica-induced pathogenesis

Nuclear factor kappa B (NkB) is an essential transcription
factor that regulates the gene expression of various cytokine
chemokines, growth factors, and cell-adhesion molecule
(Chenet al., 1999; Barnes and Karin, 1997). Therefore, acti-
vation of NF«B binding to various gene promoter regions
appears to be a key molecular event in the initiation of silica
induced pulmonary disease. Recent evidence indicatesrthat
vitro exposure of macrophages to silica results in activation o
NF-«B (Chenet al., 1998; Kanget al., 2000a). Silica-induced
activation of NF«B in pulmonary phagocytes has also been
demonstrated aftein vivo exposure to silica (Sackst al.,
1998).

The most predominantly characterized NB-complex is a
p50/p65 heterodimer, which is associated at rest with an ir
hibitor protein, kB, and is retained in the cytoplasm (Zabel
and Baeuerle, 1990). Phosphorylation is an important event
NF-kB activation at different levels. The active NdB can
then translocate to the nucleus, where it binds to adSFnotif
and functions as a transcriptional regulator.

Induced phosphorylation ofkB-a protein occurs at two
conserved serine residues, serine 32 and 36, in the N-termir
domain of kB-a (Brockmanet al., 1995; Brownet al., 1995;
DiDonato et al., 1996). Phosphorylation of serine resides of
IkB-« is followed by the ubiquitination of this protein, leading
to degradation of#B-« by proteasomes. Two cytokine-induc-
ible kinases, calledudB kinases (IKKea and IKK-B), were
identified that phosphorylatekB-a on serine 32 and 36
gDiDonatoet al., 1997; Mercurioet al., 1997; Regnieet al.,

J997; Woroniczet al., 1997; Zandiet al., 1997). This regular

cycle of lung damage, fibroblast proliferation, and excess ¢ -II, SdTR )
lagen production in the lung, causing lung fibrosis or silicosRthway for NF«B activation is triggered by tumor necrosis
(Craigheadet al., 1998). Upon contact with silica, alveolarf@ctor (TNF), interleukin (IL)-B, phorbol 12-myristate 13-
macrophages produce a variety of inflammatory and fibrogegetate (PMA), okadaic acid, or lipopolysaccharide (LPS).
Recent evidence indicates exposure of T cells to hypoxic

1To whom correspondence should be addressed. Fax: 82-2-654-4d80Xygenation, and pervanadate results in phosphorylation
E-mail: jjhee@mm.ewha.ac.kr. IkB-a on tyrosine 42 (Koongt al.,1994; Imbertet al., 1996).
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These authors also reported an alternative mechanism podtyrosine 4G10 (Upstate Biotechnology, Lake Placid, NY). Genistein

NF-«B activation by which tyrosine phosphorylation does ncﬁG;ZB, superoxide dismutase (SQEN,—acetyIcysteine (NAC), pyrrglidine

lead to degradation of theB-a through the proteasome path_dlthlocarbamate (PDTC), and peptl_de Cbz-lle-Glu (O-t-Bu_)-AIa-IeucmaI (PSI)
. . . were purchased from Sigma Chemical Company (St. Louis, MO). MG115 an

way, unlike serine phosphorylation otB-a. MG132 were purchased from Calbiochem (San Diego, CA). DNA polymeras

Recent evidence indicates thatvitro exposure of macro- and dNTP were purchased from Life Technologies (Gaithersburg, MD).

phages to silica induces tyrosine phosphorylation of proteinsej line and cell culture. RAW?264.7 cells, a mouse peritoneal macro-
(Kang et al., 2000a; Holianet al., 1994). Silica-induced ty- phage cell line, were obtained from American Type Culture Collection (Rock:
rosine phosphorylation of proteins has also been demonstratiéel MD). The cells were maintained in DMEM (Life Technologies) supple-
after in vivo exposure to silica (Gossagt al., 1996). Our Mented with 5% fetal bovine serum (FBS) (HyClone, Logan, UT), 2 mM
previous study indicates that protein tyrosine kinase (PTK) b(tljlinamme‘ and_ 1_’00_0 units/mi penicillin-streptomycin. _
not protein kinase C or A plays an important role in silica- Immunoprecipitation. The confluent cells grown on 100-mm plastic

. L. . dishes were incubated in DMEM supplemented with 5% FBS, 2 mM glu-
induced activation of NReB in macrophages, as shown by th?amine, and 1000 units/ml penicillin—streptomycin for 3 days. Cells then wer

use of various specific tyrosine or protein kinase inhibitokfeated with silica (10Qg/ml) in the presence or absence of specific tyrosine
(Kanget al., 2000a). kinase inhibitors, such as genistein (Z¥1) and AG126 (30uM), or antioxi-

Recently, molecular approaches demonstrated that ROS €éais, such as SOD (1500 units/ml), NAC (1 mM), and PDTC (260, and

: : : ashed with ice-cold phosphate-buffered saline (pH 7.4). The washed cel
directly affect the cellular signaling apparatus and, COns%ere lysed with 1 ml of ice-cold lysis buffer containing 50 mM Tris—HCI (pH

quently, the control of gene expre_s_sion (Remz_mlal., 1995). ~8), 150 mM NaCl, 1% Nonidet P-40 (NP-40), 10@/ml phenylmethylsulfo-
Exposure of lung phagocytes to silica results in the productigf fluoride (PMSF), 1ug/ml leupeptin, 1 mM NgVO., 5 mM EDTA, and 1
of reactive oxygen species (Castran@tal., 1996). Evidence mM benzamidine.

indicates that reactive oxidants play a role in silica-inducedThe cell lysate was centrifuged for 5 min at 13,000¢e resulting super-

activation of NF«B. Indeed, a variety of antioxidants (Cata_natant was incubated with antB-« rabbit polyclonal at 4°C for 1 h followed

| ide di h | lidi dithi by incubation at 4°C for 30 min with protein A- or G-conjugated Sepharose (-
ase, superoxide dismutasestocopherol, pyrrolidine dithio- pg/ml). The antigen/antibody complexes were pelleted by centrifugation fo

carbamate, oN-acetylcysteine) have been shown to inhibio s. The pellet was then washed three times with ice-cold lysis buffer b
silica-induced NF«B activation of macrophages vitro (Kang centrifugation at 13,000¢or 30 s, dissolved in 2Qul of Laemmli's sample

et al.,2000a). Hydroxyl radical has been suggested as the Keyfer, and separated on 10% SDS—polyacrylamide gels (Laemmli, 1970).
activation signal for NF¢<B activation (Shiet al., 1999). Fur-  Western blotting. The fractionated proteins for tyrosine-phosphorylated
thermore, ROS have been reported to function as physiologitgi-« or cytoplasmic extracts from silica (100g/ml) or LPS (1.0ug/ml)
regulators of tyrosine phosphorylation by their effects on o ~treated cells for #B-a and phospho«B-« (Ser32) were resolved on 10%

L. . . . S—polyacrylamide gels and electrophoretically transferred onto a nitroce
dant-sensitive tyrosine kinase and/or tyrosine phosphatase bse paper as described by Towleinal. (1979). Antibody labeling of protein

alkow et al., 1993; Bauskiret al.,1991). Indeed, NAC inhib- pands was detected with enhanced chemiluminescence (ECL) reagents accc

ited silica-induced tyrosine phosphorylation in both thiag to the supplier's protocol.

absence and the presence of pervanadate, a protein tyrosing@clear extracts. Nuclear extracts were prepared by a modified method of

phosphatase inhibitor (Karet al., 2000b). Sunet al. (1994). RAW264.7 cells were cultured in six-well plates at 3.0°
However. the mechanism involved in silica-induced activ&e!ls/m! for 3 days; then the medium was replaced with fresh medium and cel

. ) . ere pretreated with specific proteasome inhibitors, such as MG115 (25, &
tion of NF«B is not completely understood. Whether P-I-K;JLVM), MG132 (25, 50uM), or a specific inhibitor of the chymotrypsin-like

stimulation an_d NFeB activation in Silica'Stimglated MACrO- activity of the proteasome PSI (25, 50M). After a 2-h pretreatment, cells
phages are directly connected through tyrosine phosphoryl&re cultured with silica (10@.g/ml) or LPS (1.0ug/ml) in the absence or
tion of I1kB-a remains a question_ presence of inhibitor as indicated for 4 h. The concentrations of silica or LP:

Therefore, in the present study we investigated (1) whetH)d the duration of exposure used in this investigation were determined fro

silica induces tvrosine and/or serine bhosphorvlation<t-& previous concentration—response and time-course studies faBN\fetivation
y P phory .(Kanget al.,2000a). At the end of the 4-h exposure, the cells were harveste

in RAW264.7 macrophages; (2) whether the phosphorylatigRq resuspended in hypotonic buffer A (100 mM HEPES, pH 7.9; 10 mM KCl;
of 1kB-«a leads to degradation ofkB-a by proteasomes in 0.1 M EDTA; 0.5 mM dithiothreitol; 1% Nonidet P-40; and 0.5 mM phenyl-

response to silica; and (3) whether reactive oxygen spggiaq;hylsulfonyl fluoride) for 10 min on ice and then vortexed for 10 s. Nuclei

(ROS) are involved in induction of the phosphorylation oyere pelleted by centrifugation at 12,00fiy 30 s and resuspended in buffer
IkB-a in silica-stimulated macrophages C (20 mM Hepes, pH 7.9; 20% glycerol; 0.42 M NaCl; 1 mM EDTA,; and 0.5

mM PMSF) for 30 min on ice. The supernates containing nuclear proteins wel
collected by centrifugation at 10,000gr 2 min and stored at-70°C.

METHODS Electrophoretic mobility shift assay (EMSA). Binding reaction mixtures
(10 wl) containing 5ug (4 l) of nuclear extract protein, g2g of poly(dl-dC)

Reagents. Crystalline silica (Min-U-Sil, particle size<5 um) was ob- (Sigma Co.), and 40,000 cpm &iP-labeled probe in binding buffer (4 mM
tained from U.S. Silica Corp. (Berkeley Springs, WV). Prior to use, the silicdEPES, pH 7.9; 1 mM MgG]| 0.5 mM DTT; 2% glycerol; and 20 mM NacCl)
samples were sterilized by heating at 160°C for 90 min in a dry oven. Siliegere incubated for 30 min at room temperature. Protein—-DNA complexes wer
particles were dispersed in DMEM (Life Technologies, Inc., Madison, Weparated on 5% nondenaturing polyacrylamide gels i fis-borate/EDTA
with supplements just before addition to culture plates. Antibodies used in tlelectrophoresis buffer and autoradiographed overnight.
study were anti#B-a rabbit polyclonal (New England Biolabs, Inc., Beverly, The oligonucleotide used as a probe for EMSA was a double-stranded DN.
MA), antiphospho-kB-« (Serine 32) (New England Biolabs), and anti-phosecontaining NF«kB consensus sequence (5'-CCTGTGCTCCGGGAATTTC-
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FIG. 1. Tyrosine phosphorylation okB-« in silica-stimulated RAW264.7 cells (A). RAW264.7 cells were incubated with silica (dfitnl) for 5-30 min. The
lysates were incubated with control Ig (lanes 1 and 2) or aftid mAb (lanes 3—8) before analysis of tyrosine phosphorylation by Western blotting wit
antiphosphotyrosine mAb. Effect of tyrosine kinase inhibitors on silica-induced tyrosine phosphorylat@iofB). Cells were preincubated for 2 h with genistein
(74 uM) or AG126 (30uM) before treatment with silica (10@g/ml) for an additional indicated time (5-30 min). The lysates were incubated with«&ati-imAb
before analysis of tyrosine phosphorylation by Western blotting with anti-phosphotyrosine mAb. Data are representative of at least three experiments.

CCTGGCC-3') labeled withd-*P]dATP (Amersham, Buckinghamshire, UK) then examined for serine phosphorylation eBt«a by Western

using a DNA polymerase Klenow fragment. blot analysis with anti-phosphodB-« (serine 32) Ab. Serine
phosphorylation of #B-a was minimally induced after silica
RESULTS stimulation for 20 min. In contrast, LPS stimulation induced

substantial serine phosphorylation within 5 min, which in-

A previous report from our laboratory has shown that expereased further at 10 min of LPS exposure (Fig. 2).
sure of RAW264.7 macrophages to silica (3@0§/ml) resulted ~ We studied whether tyrosine phosphorylation«®ia leads
in maximal NF«B activation (Kanggt al.,2000a). In addition, the proteasome-dependent degradationBf & similar to that
we reported that silica-induced NEB activation was blocked reported for serine phosphorylation. The cell lysates wer
by inhibition of tyrosine kinase but not protein kinase C or Analyzed by Western blotting with antB-« Ab at various
(Kanget al., 2000a). times after stimulation of RAW264.7 cells with silica or LPS.

To assess a direct connection between PTK stimulation aiB-« protein levels were unchanged for up to 45 min of silica
NF-«kB activation in silica-stimulated macrophages througtieatment and were increased slightly after 60 min, presumab
tyrosine phosphorylation ofkB-a, RAW264.7 macrophages due to newly synthesizedB-« protein (Figs. 3A and 3C). In
were exposed to silica (10@.g/ml), and cell lysates from contrast, degradation okB-« occurred at 10 min after LPS
silica-treated or untreated cells were then used for immunopsggimulation and continued for up to 30 min. Newly synthesizec
cipitation with control IgG (Fig. 1A, lanes 1 and 2) or withikB-«a protein was increased for up to 240 min after LPS
| kB-a-specific antibody (lanes 3—-8) followed by Western blagtimulation (Figs. 3B and 3D). Figure 4 shows the effect of
analysis with the antiphosphotyrosine mAb. Substantial tgpecific proteasome inhibitors, such as MG 115 and MG 13:
rosine phosphorylation oikB-a was observed after 5 min of or a specific inhibitor of the chymotrypsin-like activity of the
silica stimulation and was sustained through a 30-min exposym®teasome (PSI) on silica- or LPS-induced NB-activation
of RAW?264.7 cells to silica (Fig. 1A). In contrast, treatment oin macrophages. Specific proteasome inhibitors did not preve
RAW?264.7 cells with silica did not alter the tyrosine phosNF-«B activation in silica-treated cells (Fig. 4A). In contrast,
phorylation level of the IgG immunoprecipitate, indicating tha¥1G 115 (50uM), MG 132 (50uM), or PSI (25uM) inhibited
the phosphorylated tyrosine residue was specifically present¢fd-«xB activation in LPS-stimulated cells by 90, 60, or 42%,
on IkB-a. No tyrosine-phosphorylatedB-« was detected in respectively (Fig. 4B). The data presented thus far suggest tt
unstimulated cells (Fig. 1A, lane 3). To confirm that proteityrosine phosphorylation ofkB-a in silica-stimulated cells
tyrosine kinase activation was directly connected to thedBF- does not lead to potent degradation of th&a through the
activation in silica-stimulated RAW264.7 macrophages, spproteasome pathway.
cific protein tyrosine kinase inhibitors, such as genistein (74 Data in Fig. 5 indicate that antioxidants, such as SOD (150
uM) and AG 126 (30uM), were added to the cells 2 h beforeunits/ml), NAC (1 mM), and PDTC (20uM), blocked ty-
exposure to silica. As shown Fig. 1B, tyrosine phosphorylationsine phosphorylation okB-« induced by silica, suggesting
of IkB-« in cells exposed to silica for 5-30 min was markedly
blocked by either genistein or AG 126. - ) ) . , .

. . - . Sik 0 2 5 10 20 LPS: 0 2 5 10 min

Although these data indicate that silica-induced AB-ac- J—— IS — phospho-1 < B- a (Ser32)

tivation is mediated by tyrosine phosphorylation eBl«, it is )

possible that serine phosphorylation @Bla could also be a _ v
. | for NExB activation by silica treatment. To exam thi RAW264.7 cells. RAW264.7 cells were incubated with silica (12@gml) for
signa y ) —20 min or LPS (1.0ug/ml) for 2-10 min. Serine phosphorylation was

possibility in our model, cells were exposed to silica or LPQnalyzed by anti-phospha-a (serine 32) Western blotting. Data are repre-
and cell lysates from stimulant-treated or untreated cells westative of at least three experiments.

FIG. 2. Effects of silica or LPS on serine phosphorylation @Bta in
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FIG. 3. Kinetics of degradation and resynthesis @B}« during exposure of RAW264.7 cells to silica or LPS. Cells were incubated with silicay@ol;
A) or LPS (1.0ng/ml; B) for the indicated times. Cell lysates were analyzeddB-& Western blotting. The levels okB-«, after stimulation with silica (C)
or LPS (D) were evaluated by scanning the autoradiograms (A, B). Data are representative of at least three experiments.

that ROS may be important regulatory molecules in A8~ (DiDonatoet al., 1997; Mercurioet al., 1997; Regnieet al.,
activity through tyrosine phosphorylation ofB-«. 1997; Woroniczet al., 1997; Zandiet al., 1997).

By site-specific mutation and deletion analysis, tyrosine 4.
on IkB-a was identified as a phosphoregulation site (Imieért
al., 1996; Singhet al., 1996). Our data also indicate that rapid
tyrosine phosphorylation ofkB-a can occur independent of
The objective of the present investigation was to elucidaigine phosphorylation. Therefore, the tyrosine phosphoryl:

the mechanistic relationship between PTK stimulation anghy of |«B-« may be an essential early event for the activatior
NF-«B activation in silica-stimulated macrophages. Data indj NF-«B by silica.

cate thatin vitro stimulation of RAW264.7 macrophages with Stimulants that induce NKB activation via the inducible

silic_a resulted in ’\.IFKB activat_ion through_tyro_sine IOhOSphor'phosphorylation of #B-« also lead to the inducible phosphor-
ylation of IkB-a without a noticeable decline irkB-« levels.

- o _ylation of different subunits of NkB, such as p105 and p65.

”? E.idd't'on' f'int|OX|dants such as SOD, NAC’. _and I.DDTC II%iehl et al. (1995) reported the RelA (p65) subunit becomes
hibited tyrosine phosphorylation okB-« after silica stimula- . :
tion rapidly phosphorylated in response to T&FSeveral of the

' . NF-«B inducers lead to phosphorylation and carboxyl termina

Data from the present study support an alternative pathwg%/ . :

for NF-«kB activation reported by Imbest al. (1996), which H grsda’;ggAf'OfS_tP;e ?;?i plrgglirscx plro;elnth(Bgeduerllsl ar
involves tyrosine phosphorylation okB-a without apprecia- enxie, 5 Slebeniie al., )- role for this inducible
ble degradation ofdB-«. This pathway has been identified inphosphorylatlon has been suggested to |nvol\{e enhancement
Jurkat-T cells treated with hypoxia, reoxygenation, and péP-NA binding, but may also be cqrre!ated with re!egse from
vanadate (Koongt al., 1994: Imbertet al., 1996). Further- kB, nuclear translocation, and activation of transcription func
more, Singhet al. (1996) have reported that in &@n vitro tions (Naumann and Scheidereit, 1994).
reconstitution system, tyrosine-phosphorylateB-x was pro-  Our data indicate thakB-a degradation was not apparent
tected from degradation induced by pervanadate. In contrasf@ 60 min after silica stimulation. Indeed, studies indicate nc
this alternative pathway’ the regu'ar pathway of NB-acti- decllne in kB-a |eVeIS fOI’ Up to 2 h aftel’ S|||Ca eXposure (data
vation induced by TNE, IL-1, okadaic acid, PMA, or LPS nhot shown). Furthermore, specific proteasome inhibitors di
shows inducible phosphorylation okB-a at both serine 32 not block NF«B activation in silica-treated cells. In contrast,
and 36 leading to its degradation through ubiguitination irspecific inhibitors of proteasome or the chymotrypsin-like pro-
volving the 26S proteasome (DiDonabal., 1996; Schereet teasome, which were used in our model, have been shown
al., 1995; Cheret al., 1995a; Alkalayet al., 1995). Currently, block LPS- or TNFe-induced kB-a degradation and NkB
two cytokine-inducible kinases (IKk- and ) have been activation (Cheret al., 1997a; Traencknest al., 1995, 1994).
identified that phosphorylatexkB-a on serine 32 and 36 Therefore, our data support the hypothesis that, unlike LP

DISCUSSION
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FIG. 4. Electrophoretic mobility shift assay (EMSA) illustrating the effects of proteasome inhibitors on silica- (A) or LPS- (B) induced activatiorBf NF-
Nuclear extracts were prepared from RAW264.7 cells pretreated for 2 h with proteasome inhibitors (2aMy, 3tich as MG115, MG 132, or an inhibitor
of chymotrypsin-like activity of the proteasome (PSI, 25 or/8@), and then stimulated by silica (1Q0g/ml) or LPS (5.0ng/ml) for an additional 4 h. The
results of EMSA are shown (upper panel). These data were quantified by densitometric analysis and are presented as a percentage of the response ¢
LPS-stimulated cells (lower panel). Data are representative of at least three experiments.

stimulation, NF«B activation through phosphorylation of(PI3-kinase) associates through its Src homology 2 domair
IkB-« in silica-stimulated RAW?264.7 cells is not dependent owith tyrosine-phosphorylatedB-« in vitro as well asn vivo.
a proteasomal pathway. Consistent with our data, Gitead. This could explain how tyrosine phosphorylation @Bla can
(1997b) have also reported the lack of an effect of a protdaad to NF«B activation without degradation okB-«. How-
some inhibitor, MG132, on silica-induced N&B activation. ever, how PI3-kinase activity contributes to MB-activation
They concluded that it was improbable that the absence @f how phosphorylation ofdB-a by PI3-kinase causes the
inhibition was due to nonspecific absorption or binding of
MG132 by silica particles. It has been also shown that inhibi-
tion of proteasome proteolytic activity did not affect MB-
induction in pervanadate-stimulated T cells (Imbett al.,
1996). Chenet al. (1995b, 1997b) also have reported that
serine protease may play a role in silica-induced #-acti-
vation, since this activation is inhibited by-benzoyle-ty-
rosine ethyl ester (BTEE) d¥-tosyl phenylalanine cholorom-
ethyl ketone (TPCK). In addition, overexpression of e .
calpastatin, an inhibitor of the cystein protease (calpain), R
blocked NF«B activation by silica.

In vitro phosphorylation/dephosphorylation experimentsFIG. 5. Effects of antioxidants on tyrosine phosphorylation @B« in
Strong|y Suggested that tyrosine phosphory|ation direcﬂy intesilica-stimulated RAW264.7 cells. Cells were preincubated for 2 h with su:
fered with the interaction betweerB-« and NF«B (Imbertet peroxide dismutase (1500 units/mN;acetylcysteine (1 mM), or pyrrolidine

. ._dithiocarbamate (20wM) before treatment with silica (10@.g/ml) for an
al., 1996). H_Owever' it has not been known how tyrosmgdditional 20 min. The lysates were incubated with artzB mAb before
phosphorylation releaseddB-«. Beraudet al. (1999) have analysis of tyrosine phosphorylation by Western blotting with antiphosphoty

found that the regulatory subunit of phosphoinositide 3-kinaggine mAb. Data are representative of at least three experiments.

control
Si+S0OD
Si+NAC
Si+PDTC

Si
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release of kB-a from the NF«xB complex remains unclear. NF-«B activation through tyrosine phosphorylation @Bt-«.
The exact role of PI3-kinase activity in NkB activation in ROS appear to be important regulatory molecules in tis &
silica-stimulated macrophages and development of silicosistysosine phosphorylation. However, this silica-enhanced ty
being investigated in our laboratory. rosine phosphorylation ofkB-«a and activation of NR<B do
Tyrosine phosphorylation ofkB-a and NF«B activation not appear to be dependent on proteasome-induced degradat
were impaired in Lck-deficient Jurkat varients, suggesting thet | kB-c.
IkB-a could be phosphorylated by Lck or by a Lck-activated
PTK (Imbertet al.,1996). Koonget al., (1994) have reported ACKNOWLEDGMENTS
that both dominant negative alleles Ha-Rasand Raf-1 in-
hibited NF«B induction by hypoxia, suggesting that the hy- This work was supported by the _Korea Science and Engineering Fou'ndati_c
. — . through the Center for Cell Signaling Research at Ewha Womans Universit
poxia-induced pathway for NkB activation is dependent ON 1998 G 0102).
RasandRaf-1kinase activity. In macrophages, bo#Bl kinase
(IKK) and str_ess-aptivated _prptein kina_lse/ERK k_inase (SEKl_), REFERENCES
an intermediate kinase within the mitogen-activated protein
kinase (MEKK1) to c-Jun N-terminal kinase (JNK) cascadeJkalay, 1., Yaron, A., Hatzubai, A., Orian, A., Ciechanover, A., and Ben-
are involved in vanadate-induced MB- activation. However,  Nerich, Y. (1995). Stimulation-dependemi8-« phosphorylation marks the
which PTK is involved in downstream signaling events IeadingNF'KB inhibitor for Qegradation via the ubiquitin-proteasome pathway.
to NF«B activation or which PTK directly catalyzes tyrosine Proc. Natl. Acad. Sci. USA2, 10599_10603'_ o
. L . Baeuerle, P. A, and Henkel, T. (1994). Function and activation okRFn
phosphoryl_atlon_ (_)f:&B-a in s_lllca-stm_lulated macrophages_ has™, . immune systemnnu. Rev. ImmunolL2, 141-179.
not been identified. Consistent with data presented in tagrnes, P. J., and Karin, M. (1997). A pivotal transcription factor in chronic
present study, Rupec and Baeuerle (1995) reported dBatdl  jnflammatory diseaseslew Engl. J Med366, 1066—-1071.
tyrosine phosphorylation was induced after reoxygenation @{yskin, A. R., Aikala, I., and Ben-Neriah, Y. (1991). Redox regulation of a
hypoxic Jurkat cells, suggesting that ROS could stimulateprotein tyrosine kinase in the endoplasmic reticul@ell 66, 685—696.
tyrosine phosphorylation okB-«a. ROS have been reported toBeraud, C., Henzel, W. J., and Baeuerle, P. A. (1999). Involvement o
p|ay a regu|at0ry role in the protein tyrosine phosphory|ati0n agegulatory and catalytic subunits of phosphoinositide 3-kinase inkBIF-
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