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An elongated endothelial cell phenotype, which demonstrated
increased ICAM-1-dependent neutrophil adherence, was induced
when these cells were exposed to noncytotoxic concentrations of
ashestos (Treadwell et al., Toxicol. Appl. Pharmacol. 139, 62-70,
1996). The present study examined mechanisms underlying this
phenotypic change by investigating the effects of ashestos on
transcription factor activation and expression of urokinase-type
plasminogen activator (UPA) and its receptor uPAR. In situ zy-
mography was used to compare the effects of these fibers on the
activity of uPA. Cultures incubated with chrysotile or crocidolite
asbestos, but not refractory ceramic fiber 1 (RCF-1), demonstrate
localized cleavage of plasminogen, which was inhibited by amilo-
ride. Immunocytochemistry showed that chrysotile-stimulated
UPA activity was associated with a time-dependent augmentation
of UPAR protein levels. RT-PCR analysis was used to investigate
molecular mechanisms for these increases. Chrysotile ashestos, but
not RCF-1, increased endothelial cell uPA message, relative to
changes in B-actin mRNA. This response to asbestos was not
limited to endothelial cells, since both uPA and uPAR mMRNA
levels increase in human bronchial epithelial BEAS-2B cells ex-
posed to chrysotile fibers. Finally, both types of asbestos, but not
RCF-1, increased nuclear levels of nuclear factor-kappaB (NF-
kB), a transcription factor common to increased expression of
ICAM-1 and uPA. These data demonstrate that asbestos caused
fiber-specific activation of endothelial and pulmonary epithelial
cells, resulting in phenotypes capable of facilitating tissue
remodeling. © 1998 Academic Press

Asbestos is a class of naturally occurring fibrous silicat
used in many industrial applications. Inhalation of asbest?s
fibers is a major health risk causing pulmonary fibrosis (asbet-s
tosis), mesotheliomas, and lung carcinomas (Mossetal.,
1996; Mossman and Gee, 1993; Ratal., 1991). Vascular
effects of asbestos include increased procoagulant activ%'/

(Hamilton, 1983b; Callahaet al., 1990), increased vascular
permeability (Hamilton, 1983b), increased extravasation
leukocytes (Hamiltort al.,1976), remodeling of small vessels
(McGavranet al., 1990), and angiogenesis (Branchaatdal.,
1989). In the intact lung, direct effects of asbestos on tf
vasculature are complicated by soluble factors elaborated
fiber-stimulated epithelial cells.

Noncytotoxic concentrations of chrysotile asbestos cau:
endothelial cells in culture to elongate and increase expressi
of adhesion molecules for phagocytes (Treadwedl., 1996).
These events are indicative of activated endothelial cell
which often have enhanced pericellular proteolytic activity an
matrix interactions (Mignatti and Rifkin, 1993; Let al.,
1996). Although asbestos has been demonstrated to incre
procoagulant activityn vivo andin vitro, chrysotile asbestos
stimulates fibrinolytic activity in pulmonary bronchial epithe-
lial cells and extravasating macrophages (Grefsal., 1993;
Hamilton et al., 1976). This stimulation results from elevated
urokinase-type plasminogen activator (UPA) enzyme activil
and similar increases in uPA activity in vascular cells ma
explain many asbestos-induced vascular responses. Howe\
the cellular and molecular effects of asbestos on endothel
cell expression of uPA or its receptor have not been reporte

Inhalation of asbestos, especially chrysotile asbestos, cau:
fibers to accumulate along capillaries and to penetrate into t
capillary lumen (Romet al., 1991; McGavraret al., 1990).
Asbestos activates coagulation, increases levels of vasoact
substances, and decreases plasma partial thromboplastin t
(Hamilton, 1983b; Callahagt al., 1990). Several weeks after
a single, 1-h exposure to chrysotile asbestos, aberrant puln
nary endothelial and smooth muscle cell proliferation occurs |
the small arterioles and venules of animals (McGawhal.,

91%90). Increased UPA activity and uPA binding to uPA recey

or (UPAR) are central to endothelial cell participation in this
ype of tissue remodeling and are essential for endothelial ci
motility and proliferation (Stetler-Stevenset al., 1993; Mi-

atti and Rifkin, 1993; Luet al., 1996). Asbestos-induced
increases in UPA or its receptor may facilitate this tissu
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ilton, 1983a), as the plasminogen activator system has be
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proposed as an important component of inflammatory, fibrotiggulators of cellular proliferation, such asrg/e (Jansseret
and tumorogenic processes (Andreaseal.,1997; Hamilton, al., 1995; Mossmanret al., 1997). Thus, activation of this
1983b; Shettyet al., 1996). In asbestosis, remodeling of théranscription factor has been proposed to play a crucial role
vasculature may be enhanced by poduction of cytokines gmadmonary responses to environmental stimuli.
growth factors, such as platelet-derived growth factor or trans-Previous studies in this laboratory have demonstrated th
forming growth factore, by airway epithelial cells (Hoyle and asbestos, but not RCF-1, alters endothelial cell morpholoc
Brody, 1996). and gene expression (Treadweltl al., 1996). In the current
uPA is released from cells as a single chain proenzyme tisatidies, endothelial cells were exposed to either chrysotile
binds uPAR and is converted to a two-chain active form kgrocidolite asbestos to investigate whether activation of end
limited proteolysis (Andreasest al.,1997). Pro-uPA localiza- thelial cells by asbestos is associated with altered proteoly:
tion to uPAR on the cell surface and cleavage of pro-uP#and expression of uPA/UPARn situ zymography for uPA
brings the active enzyme in close proximity to its major sulactivity in exposed cultures demonstrated that only asbest
strate, plasminogen. Cleavage of plasminogen to produce mcreases pericellular proteolysis. These increases correl;
tive plasmin initiates the fibrinolytic cascade. This, in turnwell with increases in steady-state uPA mRNA levels and wit
leads to the activation of other proteases, such as collagenaseseased levels of UPAR protein. This effect of asbestos is n
and stromolysin, and increases basic fibroblast growth factonited to endothelial cells, since uPA and uPAR expressio
release from the matrix. The system is negatively regulated twas also increased in human bronchial epithelial cells expos
expression of plasminogen activator inhibitors, especialty the chrysotile. In contrast, RCF-1, which has a lower fibro
PAI-1 (Vassalliet al., 1991). PAI-1 binds uPA/uUPAR and genic potential than asbestos (Hesterledtral., 1993), failed to
causes internalization of the complex (Conese and Blasi, 19@%cit endothelial cell activation or affect uPA/UPAR expres:
Vassalliet al.,1991). Thus, uPA activity is regulated by levelsion. Finally, only asbestos was demonstrated to increase f
of active uPA, uPAR binding, and the levels and localizatioclear levels of NF«B, indicating selective activation of sig-
of PAI-1. Expression of both uPA and uPAR increases imaling pathways leading to transcriptional activation. Thes
physiological and pathophysiological tissue remodeling. uPdata demonstrate that asbestos fibers directly activate puln
activity is elevated in many physiological settings requiringary cells to express proteins that facilitate tissue remodelin
vascular cell motility and proliferation, such as ovulation,
angiogenesis, tumor metastasis, and smooth muscle or mono-
cyte migration in atherosclerosis (Conese and Blasi, 1995;
Stetler-Steyensoafc al., 1993). Increased uPAR_expressmn IS Materials. Culture media, balanced salts solutions, culture supplement
also associated with these events and can be induced by C¥trTrizol were from Life Technologies (Gaithersburg, MD). Characterize
kines, hormones, and tumor promoters (Conese and Blasial calf serum was purchased from Hyclone Laboratories (Logan, UT
1995; Andreaseat al.,1997). Elevated fibrinolytic protein and Protease inhibitors, casein, porcine plasminogen, E-toxate, and amiloride wi
message levels are negative prognostic indicators of |uRgtained from Sigma (St. Louis, MO). Moloney murine leukemia virus (M-

'V) reverse transcriptase, dNTPs, and RNAse inhibitor were purchase
breast, colon, and other cancers (Andreaeeml" 1997)' from Ambion (Austin, TX). Taq polymerase was supplied by Promega (Mac

Finally, the effects of uPA on cell morphology, motility, andson wi). oligo dT,,_,;was obtained from Pharmacia (Piscataway, NJ). Al
proliferation require receptor occupancy, but often not uPdiher reagents were of the highest purity available.
proteolytic activity (Racet al.,1995; Gyetkcet al.,1995; Sitrin  cell culture. Porcine aortic endothelial cells were isolated from freshly
et al., 1996). In fact, uPA activity may suppress uPAR-medparvested vessels and were cultured essentially as described previously (E
ated adhesion of monocytes (SitE'Htl al., 1996). chowskyet al.,1989; Treadwelkt al., 1996). Cells were grown to confluence
Exposure of pulmonary cells to asbestos, bathivo (Jans- in gelatin (Difco, Detroit, MI) -coated plates or flasks (Belco, Vineland, NJ)
p P . y ! . containing Dulbecco’s madified Eagle’s medium (DMEM) plus 10% FBS anc
senet al., 1997) andn vitro (‘]anssemt al., 1995; Simeonova 1% penicillin/streptomycin. BEAS-2B bronchial epithelial cells were obtainec
and Luster, 1996), increases nuclear translocation of the tr&Bm American Type Tissue Culture (Rockville, MD). The cells were culturec
scription factor NF«B. This translocation results from activat-on a matrix of 0.01 mg/ml human fibronectin, 0.03 mg/ml vitrogen 100, an
ing signaling cascades that culminate in degradation of tR@1 mg/mlbovine serum albumin in LHC9 medium (Biofluids, Inc, Rockville,
T . . MD). The cultures were maintained at 37°C under an atmosphere of 5
inhibitory subunit, kB, which normally blocks the nuclearCO 195% ai . . .
L . % air. The cells were subcultured using 0.1% Trypsin—-EDTA with
localization sequences of p50 and p65 subunits (Stancov§_lgﬁ/0 PVP and plated in different-sized tissue culture plates, depending up
and Baltimore, 1997; Guerriret al., 1996). The genes regu-the experiment. Greater than 95% of the endothelial cells in confluent mon
lated by NFxB are diverse and are often associated withyers tested positive for endothelial cell-specific markers, such as antigenic
inflammatory responses, cell adhesion, and growth contfgy anti-factor VIII antibody and for rapid uptake of Qi-l acetylated LDL
(Stancovski and Baltimore, 1997). A partial list of NdB- (Barchowskyet al., 1989). The culture medium for either cell type was

. . replaced with fresh complete medium at least 8 h prior to the beginning of ¢
regulated genes include both ICAM-1 (Colliesal.,1995) and ex‘;erimem_ P P ginming

uPA (Guemmet al., 1996; Reuninget al., 1995)’ as well as Fiber samples. Reference samples of National Institute of Environmenta

important inflammatory proteins, such as interleukin 8 angbaith sciences (NIEHS) chrysotile and crocidolite asbestos used in the
monocyte chemoattractant protein (Kilgageal., 1997), and studies were obtained from Dr. Brooke Mossman (University of Vermon

METHODS
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Department of Pathology, Burlington, VT). Refractory Ceramic Fiber-1 Electrophoretic mobility shift assays. EMSA were used to demonstrate
(RCF-1) was obtained from the Thermal Insulation Manufacturer’s Associaetivation and translocation of proteins that bind to specific consensus DN
tion, Fiber Repository, (TIMA, Littleton, CO). All fibers were characterized bysequences for NikB, essentially as previously described (Barchowsksal.,
scanning electron microscopy for fiber size dimensions and were greater th895; Jansseet al., 1995; Barchowskget al., 1996). Briefly, after exposure to
10 uM in length. Working preparations of fibers were baked at 200°C for 12fipers, cells were rinsed twice with ice-cold 10 mM Tris saline/5 mM EDTA
to remove endotoxin or other biological contaminants. The fibers were th@;H 7.5). Nuclear extracts were prepared as described for endothelial c
diluted in sterile DMEM and tested for the absence of endotoxin using thgtures (Barchowsket al., 1996). Protein content of the extracts was deter-
E-toxate assay. mined using Pierce BCA reagents (Pierce, Rockford, IL) and bovine seru
In situ zymography. Casein gel overlays were used to demonstrate locadbumin as a standard. Equal amounts of nuclear proteins were incubated un
ized uPA production essentially as described (Spé¢ral., 1994; Sappinet high ionic conditions with a 5[**P]labeled double-strand oligomer, which
al., 1991). Briefly, cells, grown to confluence on gelatin-coated glass slidemntains the consensus binding sequence forkBF(5'-AGTTGAGGG-
were exposed to fibers for 24 h. The cells were then rinsed with PBS aBACTTTCCCAGGC-3’). The incubation mixtures were separated on 49
overlaid with a mixture of 0.5 ml of 8% milk in PBS, 0.75 ml of PBS, 0.7 minon-denaturing PAGE using high ionic conditions (Barchowskygl., 1996)
of 2.5% agar in HO, and 20ul of 4 mg/ml purified porcine plasminogen. The and radioactive bands were detected by autoradiography. Supershift ass
slides were coverslipped and placed in a 37°C, humid reaction chamber fagére performed with affinity-purified, polyclonal antibodies to p65 or p5C
to 24 h, until clear borders of lysed casein were observed by dark figldanta Cruz Biotechnology, Santa Cruz, CA). Nuclear extracts were incubat

microscopy. In addition to cells that received no fibers, controls for this assgjth labeled probe as above, and then incubated for an additional hour with :
include incubation with overlay mixture containing 1 mM amiloride to inhibit,, g of the appropriate antibody.

uPA activity or overlay mixture containing no plasminogen. Five fields from
each treatment were photographed and compared for width of the enzyme

activity zones.

RESULTS
RT-PCR assays for steady-state mMRNA levelBostconfluent cells, grown

in 35-mm wells, were exposed for up to 24 h to control medium or medium

containing fibers. Exposures were terminated by rinsing the cells twice witthcalized Increases in uPA Proteolytic Activity Following
HBSS. Total cellular RNA was then isolated with Trizol reagent, according to Exposure to Asbestos

the manufacturer’s instructions. The resulting RNA pellet was suspended in 50

wl of diethylpyrocarbonate (DEPC)-treated water by heating for 5 min at 60°C . .
and quantified by measuring absorbance at 260 nm. Oligonucleotide primervve preV|oust demonstrated that concentrations of asbes

sets used to amplify either porcine uPA (forwardgBictgtctgaatggaggaaaatgtfibers between 1 and @g/cn? maximally stimulate endothe-
3'; reverse, 5agcaccagggtcttctctgattgt 3'), human uPA (forwardadaatgcet-  lial cell activation, induce expression of adhesion molecule

gtgtgctgetgace 3'; reverse, Bectgeectgaagtegttagtg 3'), human uPAR (forgnd promote cell motility (Treadweét al., 1996). However,

ward, 5’ gattgcctgtggaagagt 3’; reversé, dittttcggttcgtgagtg 3’), op-actin .
(forward, 5’ gggacctgaccgactacctc 3’; reverse, gifgcgatgatcttgatcttc 3). 48 h of exposure to concentrations of greater tham@ﬂ:mz

CcDNAs were synthesized and HPLC purified in the Molecular Biology Cor@® required for significant loss of cell viability or attachment
facility at Dartmouth. All primers amplify products that are of greater than 30RCF-1 fibers, even at more than 2@/cn?, failed to affect

bases and that span introns in the respective genes. Specificity of primers @apdiothelial cell activation or viability. Therefore, the curren

products was determined by comparing their sequences against known idi : - :
] ) . 51‘?1 ies were performed with fiber concentrations that wel
guences in Genebank by using NCBI network Blast software version 1. P

(Altschul et al.,1990). Total RNA (0.54g) was reverse transcribed in a a0- maximally effective in a_Ct'Yf’itmg_ the cells bu_t were be_k_)W
reaction mixture containing Ambion O first strand buffer, 10 U RNAse levels that affected cell viability. Since endothelial cell motility

inhibitor, 0.33 mM each dNTP, 1.4M oligo dT, and 100 U M-MLV reverse s facilitated by expression of matrix degrading protease
transcriptase. The mixtures were incubated at 44°C for 60 min in a '\@Stetler—Stevensoet al. 1993: Luet al 1996) in situ Zymog-

Research PTC-100 thermocycler. After inactivating the enzymes at 95 h dt . heth fi lati f UPA activit
separate 5l aliquots of the reaction mixtures were then mixed with either 15aphy was used (o examine whether simulation of u aclvi

M of UPA or 5 uM of B-actin forward and reverse primers, 2.5 U of Tagcould explain motility changes induced by asbestos. The de
polymerase, and 0.125 mM each dNTP in Ambion complete PCR buffer. The Fig. 1 support this hypothesis, since cultures exposed
total reaction volume was 5l and cDNA was amplified by either 20 or 23 gjther chrysotile or crocidolite asbestos for 24 h expresst

cycles of 20's at 95°C, 30 s at 55°C, and 40 s at 72°Gfactin or uPA and creased pericellular proteolytic activity that required cleav
UPAR, respectively. The number of cycles was demonstrated to be within me p p y y q

linear amplification range for each product. Amplified products were separa@@€ Of plasminogen to plasmin. Consistent with our earlie
on 2% agarose gels in OGTBE and detected by ethidium bromide stainingfindings, RCF-1 fibers did not activate the cells and had n

Immunocytochemistry. For these analyses, endothelial cells were growgffect on this protease activity.
on gelatin-coated chamber slides and incubated foroup h in 10%FBS/ The specificity of the proteolytic activity observed in Fig.

DMEM with or without 5 ug/cn? of chrysotile asbestos. The cells were them was demonstrated by adding 1 mM amiloride to th
rinsed and fixed in 3.7% paraformaldehyde, blocked with 2% bovine serun\ll fl Is (Fig. 2). Thi ncentration of amiloride ha:
albumin, and incubated with monoclonal anti-human uPAR (clone 3938, erlay gels ( g ) S concentration of- amiloride has

American Diagnostica, Greenwich, CT). After rinsing, the slides were incl2l€Vviously been shown to selectively inhibit uPA-depender
bated with FITC-conjugated goat antimouse IgG in 2% goat serum for 60 mjproteolytic activity relative to other plasminogen activator:
The cells were rinsed, coverslipped in gelmount, and imaged in the Englgt proteases (Crowlegt al., 1993). There was little cleav-

image facility of the Norris Cotton Cancer Center at Dartmouth. Wester, . : P .
analysis was used to demonstrate that the anti-human uPAR antibody detegg(? of plasmmOgen in the amiloride-treated gels (Flg' 2

a 35- to 60-kDa band of glycosylated protein in total pig endothelial cefVenN thQUgh the_ Cel!s had been exposed to five times mc
extracts, which is consistent with the expected molecular weight of uPAR.crocidolite than in Fig. 1.
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- Plasminogen

+ Plasminogen Asbestos Increases Steady-State uPA mRNA Levels in
= - s .

Endothelial Cells

Steady-state uPA mMRNA levels in control and fiber-expose
cells were compared to investigate whether increased prote
Iytic activity correlated with increased expression of uPA. Thi
data in Fig. 4 demonstrated that none of the fibers altered leve
of B-actin message, relative to control levels. However, chry
sotile asbestos significantly increased uPA message followil
24 h of exposure. In other experiments, message levels &
peared elevated as early as 8 h following addition of eithe
chrysotile or crocidolite to the cultures (data not shown). Thi
time course for induction was similar to the time- and dose
dependent increases in ICAM-1 expression observed followir
exposure of endothelial cells to asbestos (Treadwelal.,
1996). In contrast, exposure of these cells to RCF-1 does r
affect either ICAM-1 (Treadwelkt al., 1996) or uPA (Fig. 4)
message levels. This indicated that asbestos caused fiber-s
cific induction of gene expression in endothelial cells.

The data in Fig. 4 demonstrated that induction of uP/
message does not require the presence of serum. This v
consistent with earlier observations regarding asbestos-induc
alterations in endothelial cell morphology, ICAM-1 expres-
sion, and neutrophil adherence (Treadwatllal., 1996). This
suggests that the majority of the chrysotile actions were d
pendent on direct interactions of the fibers with cells and al
independent of growth factors or other proteins contained |
serum. Serum was included in the majority of experiment:
since it is unlikely that endothelial cells would ever be serur

freein vivo.
FIG. 1. Localized activity of uPA. Postconfluent endothelial cells, grown

on gelatin-coated glass chamber slides, were exposed fayidr? of chry- . . .
sotile asbestos (A) or RCF-1 (C) or tauy/en? of crocidolite asbestos (B) for Asbestos Induces uPA and uPAR Expression in Bronchial

24 h. Following this exposure period, the slides were rinsed and an indicatingEpithelial Cells
casein overlay gel, with (+) or without (=) plasminogen, was added. The slide .
was coverslipped and incubated in a humid chamber for up to 24 h to alow BEAS-2B cells were exposed to chrysotile asbestos to d

proteolytic clearance. Slides were evaluated by dark field microscopy for ddgrmine whether the effect of asbestos on fibrinolytic protei
zones of pr(_)t_eol_ytic clearance. Data represent dark fiel_d ph_otomicrograph%gbression was limited to the vascular cells. This is importan
200Xx magnification and are representative of at least five fields. since bronchial epithelial cells would be presented with muc
higher fiber concentrations. In addition, primers for amplifying

Increased Expression of uPAR in Cells Exposed to porcine uPAR cDNAs were not available, but were available t
Chrysotile Asbestos examine the effects of chrysotile fibers on human uPAR me

) ~ sage levels. The data in Fig. 5 demonstrated that following 3
Immunocytochemistry was used to test the hypothesis t%osures of BEAS-2B cells to sg/cn? of chrysotile, there

increased expression of UPAR might also contribute to theys significant increase in both uPA and UPAR messa
asbestos-induced increases in UPA activity. Porcine cells Wegesiive to B-actin mRNA. Again, it is important to note that
exposed to chrysotile asbestos for 4 or 8 h, fixed, and thgfpse exposures were in serum-free conditions, indicating tr

incubated with monoclonal antibody against human uPAR. Age chrysotile interacts directly with the cells to increase me:
seen in Fig. 3, control uPAR expression and expression Ange levels.

after adding chrysotile was low and limited to punctate ex-
tranuclear staining. Howeves h of chrysotile exposure resultsC
in a large increase in antigenicity and appeared to correlat
with changes in morphology. Careful examination of the di-
chroic image indicated that all cells in the field were in contact Asbestos increases epithelial cell activation and nucle
with fibers. The chrysotile-induced increase in uUPAR expresanslocation of NR<B (Jansseet al., 1995, 1997; Simeonova
sion was sustained for more than 24 h (data not shown). and Luster, 1996). Therefore, we examined whether asbes

Qéysotile Increases Nuclear Levels of NB-in Endothelial
ells
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Plasminogen

Amiloride - - +

Chrysotile

Crocidolite

FIG. 2. Specificity of asbestos-induced uPA proteolytic activity. The experiment in Fig. 1 was repeated, with the exception that the amount of croc
added during the 24-h exposure period was increasedug&r?. Also groups of control and fiber-exposed cultures were overlayed with gels containing 1 n
amiloride to selectively inhibit uPA-dependent proteolytic activity. After a 24-h incubation with the overlay gels, the slides were evaluated by darl
microscopy. Data represent dark field photomicrographs ak2®@gnification and are representative of at least five fields.

has similar actions in endothelial cells. The experiments pr@ashingtonet al., 1994; Hauseret al., 1993; Almenar-
sented in Fig. 6 demonstrated that both chrysotile and crocid@ueraltet al., 1995). Asbestos may cause similar endothe
lite, but not RCF-1, fibers increase nuclear translocation &l cell wounding and activation of a proinflammatory phe-
p50/p65 heterodimers that bind specifically to the consensustype. Previous studies in this laboratory demonstrated tt
NF-«xB probe. While these data were qualitatively similar tasbestos altered cell morphology, increased ICAM-1 e
our earlier observations in epithelial cells (Jansseal., 1995, pression, and promoted localized increases in neutropl
1997), the time course for activation of N&B in endothelial adherence to fiber-contacted cells (Treadvelal., 1996).
cells was more rapid. Increased nuclear RB-levels occur as The data in the present studies demonstrated that asbes
early as 30 min in the endothelial cells and are maximal by 1 ¢auses fiber-specific stimulation of uPA activity and in.
Experiments not shown demonstrated that chrysotile exposdreases the expression of both uPA and uPAR. While it
significantly increases nuclear N& levels in BEAS-2B cells, difficult to directly correlate the exposures used in this
which was consistent with the changes we observed in cigtro model to the amount of fibers affecting cells in inha-
cidolite-exposed rat and hamster epithelial cells (Janeseh, |ation studies, it is clear that our data may explain asbesto
1995, 1997). induced changes in endothelial and epithelial cells observi
in vivo. Endothelial and epithelial cell activation and elab-
DISCUSSION oration of proteases and adhesion molecules could promc
the vascular remodeling (McGavramal., 1990; Branchaud
Extravasation of phagocytes and pulmonary fibrosis ae¢al.,1989; Romet al.,1991), development of vascularized
hallmarks of asbestosis. In developing fibrotic lesions, thegganular tissue (Raghow, 1991), increased matrix turnov
is increased expression and coordination of proteolytic aghanget al., 1988), and leukocyte extravasation (R@h
tivity of uPA, increased expression of UPAR, increaseal., 1991; Hamilton, 1983a) that occur in rodents following
expression of and adhesivity to ICAM-1, and increasddhalation of asbestos.
content of extracellular matrix components such as fi- uPA and uPAR are central to cell adhesion and motility in .
bronectin (Eddy and Giachelli, 1995; Haussral., 1993). variety of cell types (Sitriret al., 1996; Racet al., 1995; Wei
Wounded or activated endothelial cells increase surfaeeal.,1994; Blasi, 1996), including endothelial cells (ktial.,
expression of ICAM-1, uPAR, and release of pro-uPA996). The increased expression of uPA and uPAR followin
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Chrysotile —— ++ —— ——— +++
RCF1 —— ——++ ——— —— -
serum ++ ++ ++ ——— ——— std
«« | 400b
uPA - - e e -— - - 300b

« | 200b

p-actin ‘ - - - -

FIG. 4. Increased uPA steady-state mRNA levels following asbesto
exposure. Postconfluent endothelial cells were exposed to either buffer alone
10 pg/en? chrysotile or RCF-1 for 24 h, in the presence or absence of FBS
The serum-free DMEM was supplemented with 2% BSA. Following exposure
the monolayers were rinsed with HBSS and total cellular RNA was isolate
The RNA was reverse transcribed and separate aliquots were amplified by P
with primers specific for either uPA gs-actin.

Increased expression of uPA and uPAR following exposul
to asbestos may be a global mechanism for pulmonary toxici
or fibrosis caused by crystalline fibers. The data in Figs. 1 ar
2 demonstrated, in a primary culture model, that chrysotil
asbestos increases UuPA proteolytic activity. This was consi
tent with previous observations made in transformed pulme
nary epithelial cells (Grosst al.,1993) and in extravasating or
isolated macrophages (Hamilton, 1983a; Hamilten al.,
1976). The data in Fig. 5 provided mechanistic support fc
these previous observations by showing increases in both ul
and UPAR expression in bronchial epithelial cells exposed

FIG.3  Time-dependent o of UPAR in cell dtoch t_clzhrysotile asbestos. However, asbestos-induced expressior
.3. Time-dependent expression of u in cells exposed to chrysoti L . . .
asbestos. Cells, grown on gelatin-coated glass slides, were exposed to co eir:c’a'la‘/UPARIn VIVo may be a complex integration of primary

medium (A) or medium containing chrysotile asbestog¢gcn?). Chrysotile  €ffects of the fibers on target cells and secondary effects

exposures were for either 4 (B) or 8 (C) h. At the end of the 8-h period, allytokines elaborated from these stimulated targets (Mossm
cultures were fixed in 3.7% formaldehyde and blocked. The samples wetad Gee, 1993; Hamilton, 1983b). For example, uPAR expre
incubated with monoclonal antibody to human uPAR (clone 3936) and thglibn in ma"gnam mesotheliomas is induced by a variety C

rinsed. Goat anti-mouse antibody conjugated to FITC was used to detec . Lo .
immune complexes. The exposures are of identical fields photographed V\?T%tmkmes and uPA blndlng to its receptor has been suggest

either dichroic (left) or epifluorescent illumination (right). These fields wer@S @ mechanism for pm"feratio_n O_f these tgmors (Shﬁm‘l’
highly representative of the entire cultures. 1995, 1996). That uPA/UPAR is induced in a variety of pul

monary cells, including macrophages, endothelial, mesotheli
and epithelial cells, following inhalation of asbestos sugges
exposure of endothelial cells to asbestos, observed in the
present study, may facilitate the profound alteration of cell

shape that occurs as these fibers contact the endothelial cell Time 0 3 7
monolayer (Treadwekt al., 1996). The increased proteolytic {hours) 4
activity §hown in_ Figs. 1 and 2 would reinforce cell mc_)tili_ty by UPA |y ““ -
weakening matrix interactions. However, only the binding of :
UuPA to UPAR, not proteolytic activity, is required for endothe- UPAR [ s W e i il |

lial cells to deform and move (Lwet al., 1996). Motility
mediated by uPA/UPAR has also been shown to be required for B-actin M

angiogenic factor-induced endothelial cell migration @tal.,

1996). This suggests a role for UPA/UPAR in asbestos-induceé!G. 5. Increased uPA and uPAR message in bronchial epithelial cel
angiogenesis in the peritoneum of animals exposed to intreéposed to asbestos. Duplicate wells of confluent BEAS-2B cells were expos

. S to 5 ug/cn? of chrysotile asbestos in serum-free conditions for up to 7 h. Totz
pe”toneal Injections of asbestos (BranChmml" 1989) and RNA was extracted from duplicate flasks and reverse transcribed. Separ

in the vascular remodeling seen after inhalation of chrysotil@quots were amplified by PCR using primer sets specific to human uP.
fibers (McGavraret al., 1990). uPAR, andg-actin.
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Exposure control chrysotile  crocidolite RCF-1 mesothelial and pulmonary epithelial cells through an epide
cold mal growth factor-associated pathway (Zanedlaal., 1996;
proba —1 Mossmanet al., 1997). Further, we have demonstrated the

chrysotile asbestos activates Src and focal adhesion king
NF-xB ot (FAK) activities in endothelial cells (Barchowslef al.,1997).

This activation and increased tyrosine phosphorylation of ce
lular proteins associated with uPAR complexes occurs with
time course that precedes the increases in nucleatBllevels

w o B8 shown in Fig. 6 of the present study. While it is clear tha

€2 % i ivati |
2 2 5 3 2 surface receptors can link to Ras activation through pathwa
§ 5 .ttt e g that require Src and FAK activity, further studies are needed-
1° % 5888 demonstrate causal relationships between the signals elicif
*'g *'g’ E- % e Y by asbestos and the activation of transcription factors regulz
o o 5 6 G o ing specific gene promoters, such as those for uPA and uPA

Altered FAK activity and changes in cell shape imply inter-
actions between asbestos fibers and integrins. Internalization
vitronectin-coated asbestos fibers by mesothelial cells is m
diated by interactions with integrins (Boylan al., 1995) and
integrins induce functional uPAR in lymphocytes (Bianeti
al., 1996). However, the relevance of the mesothelial vitrone«
tin-dependent internalization pathway to the activation of er
dothelial or epithelial cells by chrysotile asbestos in the prese
study is questionable. The data in Figs. 4 and 5 indicate th
chrysotile efficiently induces uPA and uPAR expression in th
absence of added serum or vitronectin. These data imply tt
chrysotile must initiate signals by binding integrins or othe
surface proteins directly. It is interesting to note that removs
of surface glycophosphatidylinositol-anchored (GPI) protein:

FIG. 6. Increased nuclear levels of NEB in endothelial cells exposed to PUt not blockade of integrin binding sites, prevents asbest
asbestos. (A) Endothelial cells were exposed to either chrysotilpglén?),  from eliciting changes in endothelial cell shape (Barchowesky
crocidolite (5ug/cnt), or RCF-1 (10ug/ent) fibers for 1 h. Nuclear extracts g|,, 1997). The identities of the GPI anchored receptors ¢

were prepared and levels of NéB were compared by EMSA, as described in roteins complexed with these receptors required for activatic
Methods. The specificity of binding was demonstrated by competing with 2.5-

25-, or 250-fold excess of cold probe, respectively. (B) The composition of tIQJ cell 5|gnaI|ng_ remain unCh_araCtenzed' .
specific NFxB bands was demonstrated by supershift analysis. The mobility ASPestos activates transcription through multiple pathway
of the major bands were further retarded by antibodies to p65 and pfelossmaret al.,1997). Enhanced nuclear levels and transcrif
indicating the presence of heterodimers. tional activities of both NR¢B and AP-1 binding proteins are
observed in cultured epithelial cells exposed to asbestos (Ja
that this a global response that plays a central role in tenet al.,1995; Simeonova and Luster, 1996; Mossreaal.,
etiology of diseases induced by these fibers. 1997).In vivo, the content of NR¢B-binding proteins in rat
Direct asbestos-induced stimulation of uPA/UPAR expreatrway epithelial cells increases over 5 days following expc
sion could be explained by either mechanical stimulation of tisaire for 6 h/day to chrysotile asbestos (approximately 8.2
cells or by interactions between the fibers and proteins on timg/n? air). The increased nuclear NEB levels observed in
cell surface. Alterations of cell shape or cytoskeletal reorgarkig. 6 demonstrate that chrysotile asbestos has similar affel
zation increase expression of uPA in porcine epithelial cells vascular endothelial cells, as well. While éB-contributes
(Irigoyen et al., 1997) and uPAR in human fibroblasts (Baysignificantly to transcriptional activation of the uPA gene
raktutan and Jones, 1995). While mechanisms for changesiranges in this factor may not completely explain the asbestc
UPAR expression are less well characterized, transcriptioséimulated uPA and uPAR message levels observed in Figs
activation of the uPA gene following cytoskeletal reorganizand 5. The inducible regions of the uPA and uPAR promotel
tion depends on increased signaling through the Ras/extra@ek complex and contain multiplgs elements in addition to
lular signal-regulated kinase (ERK) pathway (Irigoyenal., their kB sites (Irigoyenet al., 1997; Reuninget al., 1995;
1997). Although the initial signals feeding into this pathwagporaviaet al., 1995; Novaket al., 1991). The expression of
have not been defined, it is clear that Sos is required and it llagse genes is not necessarily coordinated, however. Disrupt
been suggested that Src and Grb2 play important roles NF-«B signaling in ovarian cancer cells decreases bas
(Irigoyen et al., 1997). Asbestos activates ERK signaling iuPA, but not uPAR, expression (Reunietal.,1995). Further,

NF-xB
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stability of uPAR message can be induced in lung cells, whiéang, L. Y., Overby, L. H., Brody, A. R., and Crapo, J. D. (1988). Progres
could further contribute to the enhanced levels observed in Figgive lung cell reactions and extracellular matrix production after a brie
5 (Shettyet al., 1997). Since there is cross-talk between the ©XPosUre o asbestaém. J. Pathol131, 156-170.

. . . . .. . Collins, T., Read, M. A., Neish, A. S., Whitley, M. Z., Thanos, D., and
signal cascades leading to N8 and AP-1 activation, it is Maniatis, T. (1995). Transcriptional regulation of endothelial cell adhesio

|ike|Y_ that both of these factc_)rs_, and _perha_ps other proteinSgecules: NF«B and cytokine-inducible enhanceRASEB J9, 899-909.
contribute to the full transcriptional induction of UPA antgnese, M., and Blasi, F. (1995). Urokinase/urokinase receptor system: Int

uPAR observed in the present study. Further studies will benalization/degradation of urokinase-serpin complexes: Mechanism and re
required to determine the essential roles played by these factorgation. Biol. Chem. Hoppe-Seyle876, 143-155.
and the signaling pathways that activate them in transactivati@rwley, C. W., Cohen, R. L., Lucas, B. K., Liu, G., Shuman, M. A., and

of genes in pulmonary cells exposed to chrysotile asbestos. Levinson, A. D. (1993). Prevention of metastasis by inhibition of the
urokinase receptoProc. Natl. Acad. Sci. USA0, 5021-5025.
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