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of surface receptor expression can be involved when
In this report, we show that enhanced shedding of down-regulation is observed [2]. Receptors can be in-

CD44 might contribute to the down-regulation of this ternalized by endocytosis and then either stored in
receptor observed after phagocytosis of MnO2 parti- intracellular vesicles or destroyed [2]. Alternatively,
cles by PMA-differentiated U-937. The apparent Mr of the extracellular domain of cell surface receptors canthe soluble CD44 detected in culture supernatants was be proteolytically released into the extracellularslightly lower than that of the membrane form sug-

space [3-5]. In the recent years, this shedding processgesting that shedding resulted from proteolytic cleav-
has generated a great deal of interest and is nowage. Increased shedding of CD44 was also noted with
recognized as an important aspect of cell regulationother mineral particles (chrysotile and DQ12) but to a
[5]. However, despite its broad interest, in most caseslower extent whereas some (TiO2 and amosite) had no
the natural stimuli triggering shedding have still toeffect on this process. These results indicate that shed-
be identified and the situations in which this processding enhancement was particle-specific rather than a
occurs remain to be determined [5-7]. In addition, thegeneral consequence of phagocytosis. The ability of
mechanisms leading to shedding of molecules fromthe particles to enhance CD44 shedding was not di-
the cell surface are poorly understood [5-7].rectly dependent on their cytotoxic potency. Different

patterns of reactivity were noted with CD11b, sug- Many of the receptors susceptible to be shed from
gesting that the underlying mechanisms are specific. the cell surface are involved in cell-cell interactions
q 1998 Academic Press suggesting that shedding may be an important mecha-

Key Words: Shedding; CD44; phagocytosis; U-937; nism in the regulation of cell adhesion [5, 8, 9]. In this
mineral particles. context, significant attention has focused on the hyal-

uronan receptor CD44, a molecule not only involved
in cell adhesion but also in multiple other cellular func-
tions [10, 11]. Shedding of CD44 was recently shown

The mechanisms regulating the expression of cell to be responsible for the down-regulation of this mole-
surface receptors are critical for the biology of the cule on granulocytes upon activation [8] and was pro-
cell [1] and alterations of these mechanisms can lead posed to be essential for proper timing of CD44 partici-
to cell dysfunctions [1]. As for other proteins, expres- pation in adhesion and other cellular functions [8, 9,
sion of surface receptors can be controlled at several 11, 12].
steps along the biosynthetic pathway leading from In a previous study we showed that phagocytosis of
DNA to protein. Additional regulatory mechanisms MnO2 particles was accompanied by a significant re-

duction in the level of CD44 (Trabelsi et al. submitted)
in both human alveolar macrophage and PMA-differen-1 Corresponding author: INSERM U139, Faculté de médecine
tiated U-937 cells. In the present study we show thatParis XII, 8, rue du Général Sarrail, 94010 Créteil cedex, France.

Fax: 33 1 49 81 35 33. E-mail: pilatte@im3.inserm.fr. MnO2 particles increase shedding of CD44 in PMA-
Abbreviations: Amo: Amosite, Chr: Chrysotile, DQ12: crystalline differentiated U-937, suggesting that this process

silica, MnO2: manganese dioxide, TiO2: titanium dioxide, EDTA: eth- might contribute to the observed down-regulation.
ylenediaminetetraacetic acid, MTT: 3-(5,5-dimethylthiazol-2-yl)-2,5- Other mineral particles were found to increase CD44diphenyl-tetrazolium bromide, NPGB: p-nitrophenyl-p*-guanido-

shedding but less efficiently than MnO2. This effectbenzoate, PBS: phosphate buffered saline, PMA: phorbol myristate
acetate. was observed in a particle-specific manner rather than
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1,000 1 g to remove floating cells. Each supernatant was brought toas a general consequence of phagocytosis and was not
80% saturation by adding appropriate amount of liquid saturatedrelated to the cytotoxic potency of the particles. In addi-
ammonium sulfate. After one hour under stirring at 47C, the precipi-tion, different patterns of reactivity were noted when tated proteins were pelleted by centrifugation and resolubilised in a

other receptors were investigated, suggesting that the volume of PBS (500ml) sufficient to achieve a 40 fold concentration.
Concentrated culture media were then extensively dialyzed againstunderlying mechanisms are specific.
PBS and subjected to Western-blot analysis.

Western blotting. Cell lysates (10 mg of protein for each sample)MATERIALS AND METHODS
or concentrated cell supernatants (20ml of concentrated supernatant
for each sample) were first separated as described by Laemmli [17]Reagents. RPMI 1640 medium, glutamine, penicillin, streptomy-
on 10% polyacrylamide discontinuous mini slab gels in reducing con-cin, and fetal bovine serum (FBS) were obtained from GibcoBRL
ditions. Separated proteins were then electrophoretically transferred(Cergy Pontoise, France). Mouse monoclonal antibody to human
onto Immobilon membrane (Millipore Corporation Bedford, MA,CD44 H (clone 2C5) was obtained from R&D Systems (Abingdon,
USA) as described elsewhere [18]. After transfer, each membraneUK), mouse monoclonal antibody to CD14 (clone MO2) from Coulter
was probed with a specific mouse monoclonal antibody. Antibodies(Marseille, France) and mouse monoclonal antibody to CD11b from
specific to CD11b and CD14 antigens were used at a concentrationDAKO (Trappes, France). All chemicals were of analytical grade and
of 0.1mg/ml whereas anti CD44 was used at 0.5mg/ml. After extensivewere purchased from Sigma Chemicals (L’Isle d’Abeau Chesnes,
washing, the membranes were incubated appropriately with peroxy-France) unless otherwise stated.
dase-conjugated anti mouse IgG (Calbiochem, Meudon, France). The

Mineral particles and fibers. Crystalline silica (quartz DQ12), labeled proteins were visualized using Hyperfilm-ECL and ECL
manganese dioxide (MnO2), and titanium dioxide (TiO2) were kindly Western blotting detection kit (Amersham Labs, Little Chalfond,
given by Pr. D Lison (UCL, Brussels, Belgium). The asbestos fibers, UK) according to the manufacturer recommendations. Proteins were
Rhodesian chrysotile and amosite were provided by the Union Inter- quantified by scanning densitometry on a ScanJet IIC densitometer
nationale contre le cancer (UICC). (Hewlett Packard) using Scan Analysis (version 2.0, Biosoft, Cam-

bridge, UK).Cell culture. U-937 cells (American Tissue Culture Collection,
Rockville, MD) were cultured in RPMI 1640 medium supplemented Statistical analysis. Statistical analyses were performed using
with 10% heat-inactivated FBS, 2mM glutamine, 50U/ml penicillin Student’s-test and the Mann Whitney-U test. An alpha level(P) less
and 50mg/ml streptomycin (designated as complete medium). In the than 0.05 was considered significant.
experiments described herein, U-937 cells were differentiated with
0.162 mM of PMA during four days as previously described by Öberg

RESULTSet al. [13]. Cells were seeded either in 96 wells tissue culture plates
at 51104 cells /well to assess cell viability by the MTT assay or in
75 cm2 tissue culture flask (10 1 106 cells/flask in 20ml complete Upon differentiation, U-937 cells acquire the abil-
medium) to assess CD44 shedding. After four days of PMA-differenti- ity to phagocytoze mineral particles and they consti-ation, U-937 cells (approximately 301106 cells/75 cm2 flask) were

tute a suitable model for investigating human alveo-extensively washed with sterile PBS and then exposed for 48h to
several concentrations of the various particles or fibers as described lar macrophage response to mineral particles. The
below. particles and fibers used in this study were pre-

viously found to ellicit differential fibrogenic or in-Preparation of particles and fibers and cell treatment. Particles
and fibers were heated for 2 hours at 2007C to inactivate bacterial flammatory responses. DQ12 and asbestos fibers
endotoxins. They were then suspended in complete medium and dis- cause a chronic inflammation that can ultimately
persed by sonication (50khz, 20W) for 5 min. An appropriate volume lead to lung fibrosis [19]; MnO2 particles induce aof particle or fiber suspension was then added to differentiated U-

strong acute inflammatory process [20, 21] and TiO2937. In order to achieve a final concentration of 50mg of particles per
cm2 of culture surface area, 20 ml of particle suspension at 187.5 mg/ is regarded as a harmless particle [22].
ml was added to each 75 cm2 flask and 100ml of particle suspension
at 160mg/ml was added to each well of 96 wells plates. After 48hr of Effect of Mineral Particles on CD44 Expressionincubation, the cells were subjected to the different analyses.

Viability test. The viability of differentiated U-937 cells exposed PMA-differentiated U-937 cells were incubated dur-
to the different particles was assessed by the MTT assay [14] as ing 48h with various mineral particles at 50mg/cm2.
described elsewhere [15]. After treatment, CD44 expression was evaluated in cell

Preparation of cell lysates. After particle or fiber treatment in 75 extracts by western blotting. The typical experiment
cm2 tissue culture flask, cells were washed twice with PBS, scrapped depicted in Fig. 1 confirmed that treatment with cer-
and adjusted to an approximate concentration of 107 cells/ml in ice tain particles was accompanied by a marked decreasedcold homogenization buffer (PBS supplemented with 1% Nonidet

in CD44 expression and the more drastic effect wasP40, 25mM of the serine protease NPGB and 10mM EDTA). The
suspension was homogenized using a glass Teflon homogenizer with observed following treatment with MnO2 particles.
10 strokes and the resulting homogenate was cleared by centrifuga- Densitometric analysis of the Western blot shown in
tion at 14,000 1 g for 15 min. The protein concentrations was esti- figure 1 indicated that CD44 expression was reduced
mated by a procedure adapted from the Lowry assay [16], the BIO-

by nearly 80 % in MnO2-treated cells whereas moderateRAD DC protein assay (Bio-Rad laboratories, Ivry sur Seine, France),
reductions of about 4 and 12 % were found followingas recommended by the manufacturer using bovine serum albumin

as standard. treatment with DQ12 and TiO2 particles respectively.
Intermediate effects were observed with chrysotile orConcentration of cell culture media. After treatment with particle

or fibers, culture supernatants were collected and centrifuged at amosite as a 30-35 % decrease in CD44 expression was
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increased by treatment with some of the particles (Fig.
2a). Quantitation of three different experiments indi-
cated that the amount of soluble CD44 detected in the
media of MnO2-treated U-937 was roughly 3 fold the
amount found in the untreated control (Fig. 2b). Shed-
ding of CD44 was also markedly enhanced by treat-
ment with DQ12 or chrysotile since the level of soluble
was 1.7 fold that of untreated cells following treatment
with either particles (Fig. 2b). No significant changes
were noted with either TiO2 or amosite. Therefore, on
a per weight basis, the potency of mineral particles to
enhance CD44 shedding was in the following relative
order: MnO2 ú chrysotile É DQ12 ú amosite É TiO2.
Noteworthingly, the apparent Mr of the soluble CD44
detected in culture supernatants was slightly lower
compared to membrane CD44 (Fig. 2a) suggesting that
the soluble form was released by proteolytic cleavage.

For comparison, the influence of mineral particles on
shedding of other receptors was investigated. As shown
in Fig. 3, the amount of soluble CD11b, the a chain of
Mac-1 the C3bi receptor was markedly increased by
treatment with DQ12, chrysotile or amosite whereas
MnO2 had only a moderate effect. It should be men-
tioned that detection of soluble CD11b required much
longer exposure to hyperfilm ECL than that of soluble
CD44 (120 versus 5 min.), suggesting that it was shedFIG. 1. Effect of mineral particles and fibers on CD44 expression
at a lower rate than CD44.in PMA-differentiated U-937. (a) Cells were treated with the various

Shedding of CD14, the LPS receptor, was also inves-particles or fibers at 50mg/cm2 for 48 hours. The cell lysates were
run on SDS-PAGE (10mg of protein/lane) and CD44 is visualized tigated. No soluble form of this receptor was detected
by immunoblotting with a specific mouse monoclonal antibody. (b) in the supernatants of control or particles-treated cells
Densitometric analysis of the western blot shown in panel a. The even when Hyperfilm ECL were exposed for an ex-results are expressed as percentage relative to untreated control.

tended period (up to 5 hours).Cntrl: control untreated cells, TiO2: titanium dioxide, MnO2: manga-
nese dioxide, DQ12: crystalline silica, Chr: Chrysotile, Amo: Amosite.

Effect of Mineral Particles on Cell Viability

Phagocytosis of toxic mineral particles can induce a
detected in cells treated with either of these asbestos cell injury entailing a leakage of proteolytic enzymes
fibers. Thus with respect to their potency to reduce which could contribute to the shedding process. There-
CD44 expression the mineral particles rank as follows: fore it was of importance to determine whether the
MnO2 ú chrysotile É amosite ú DQ12 É TiO2. ability of mineral particles to enhance shedding of sur-

face proteins was related to their cytotoxic potency.
Effect of Mineral Particles on Shedding of CD44 and The effect of the various particles on the viability of

Other Receptors differentiated U-937 was determined by the MTT
assay. As shown in Fig. 4, the most cytotoxic particleTo determine whether shedding could contribute to
was chrysotile which decreased cell viability by aboutthe reduced expression of CD44 induced by mineral
60 % whereas TiO2 was almost harmless. The potencyparticles we investigated the putative presence of solu-
of the mineral particles to reduce cell viability was inble CD44 in culture supernatants from treated cells.
the following relative order: chrysotile õ amosite ÉPMA-differentiated cells were treated for 48 hours with
MnO2 ú DQ12 ú TiO2.the various particles as described above. Cell culture

supernatants were collected, concentrated 40 fold and
DISCUSSIONsubjected to western-blotting analysis for the detection

of CD44. We show in figure 2a, that little amount of
CD44 was spontaneously shed from untreated cells. Despite the potential physiopathological importance

of shedding, most frequently the natural stimuli trig-This soluble form was effectively released from the cells
as it was initially undetectable in the complete culture gering this process remain to be determined [5, 8]. Here

we show that uptake of mineral particles such asmedium (not shown). CD44 shedding was significantly

242

AID BBRC 8405 / 694e$$$841 03-21-98 12:18:10 bbrcgs AP: BBRC



Vol. 245, No. 1, 1998 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

FIG. 2. Effect of mineral particles and fibers on CD44 shedding. (a). Cells were treated with the various particles or fibers at 50mg/cm2

for 48 hours. The culture supernatants were collected, concentrated 40 fold and dialyzed. Concentrated media (20ml/lane) were run on SDS-
PAGE and CD44 is visualized by immunoblotting with a mouse monoclonal antibody to human CD44H. A protein extract (U-937) from
untreated differentiated cells was run for comparison (10mg of protein). This figure is one representative out of three experiments. (b) This
histogram represents the densitometric analysis of three different experiments. The results are expressed as percentage relative to untreated
controls. Bars represent the mean and the vertical brackets show 1 SE. **: põ0.01. See Fig. 1 for abbreviations.

MnO2, DQ12 or chrysotile by PMA-differentiated U- the release of a wide variety of surface proteins [6, 7]
while other suggested that specific mechanisms may937 cells is accompanied by a marked increase in CD44

shedding and in the case of MnO2, this process is likely be involved in the shedding of different molecules [8, 9].
Our observation that MnO2 enhanced CD44 sheddinginvolved in the down-regulation of CD44 induced by

this type of particle. Although all particles tested here without affecting CD11b whereas amosite exerted op-
posite effects, indicates that these mineral particles in-were readily phagocytozed by the cells, certain such

as TiO2 or amosite had little effect on CD44 shedding fluence shedding through specific mechanisms.
Limited proteolysis by metalloproteinases at a siteindicating that phagocytosis per se is not sufficient to

enhance CD44 release. MnO2 which was the most cyto- close to the extracellular face of the plasma membrane
appears likely in the generation of soluble CD44 [4-8].toxic particle was also the most efficient to enhance

CD44 shedding whereas TiO2 which is almost harmless This assumption is supported by the results presented
here, suggesting that signals induced by the mineraldid not influence this process. However, no relationship

between cytoxicity and CD44 shedding was found with particles that were found to markedly enhance CD44
shedding may up-regulate specific proteases involvedthe other particles and the lack of correlation between

shedding and cytotoxicity was confirmed by the obser- in this process. Additionally, there is convincing evi-
dence that conformational alterations of CD44 render-vation that MnO2 had little effect on shedding of

CD11b. ing the cleavage site more accessible to the putative
protease(s) may be required for effective release [5, 8].The mechanisms for cell surface protein shedding are

still unclear [4, 5]. Recent reports provided evidence for Such conformational changes can be induced by inter-
action of CD44 with its natural ligand [8] and can bethe existence of a single common mechanism leading to
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simulated by using monoclonal antibody to CD44 [8,
9]. Processes taking place at the cell-particles interface
that are determined by the reactivity of the particle
surface may lead to protein denaturation [23]. It is,
therefore, tempting to speculate that in the early stage
of phagocytosis when mineral particles such as MnO2,
DQ12 or chrysotile are in close contact with the plasma
membrane, they interact with CD44 and induce confor-
mational alterations of this molecule susceptible to pro-
mote shedding. Alternatively, recent observations sug-
gest that changes in glycosylation may induce confor-
mational alterations of CD44 which result in a FIG. 4. Effect of particles and fibers on PMA-differentiated U-
significant increase in spontaneous shedding of this 937 viability. Cells were treated with the various particles or fibers

at 50mg/cm2 for 48 hours and then the MTT assay was performed.molecule [24]. In this respect, we have recently shown
The results are expressed as percentage relative to untreated con-that DQ12 and MnO2 which both increased CD44 shed-
trols. Bars represent the mean and the vertical brackets show 1 SE.ding, induced specific pattern of alterations in the car-
**: põ0.01. See Fig. 1 for abbreviations.

bohydrate moieties of PMA-differentiated U-937 glyco-
proteins, whereas TiO2 had little effect if any on this
parameter [25]. Therefore, although CD44 was not spe-

tribute significantly to the down-regulation of CD44cifically investigated in this study [25], it is conceivable
induced by MnO2. As CD44 has been shown to be in-that at least MnO2 and DQ12 might increase CD44
volved in the mechanisms maintaining and amplifyingshedding through a glycosylation-dependent mecha-
the inflammatory response [26, 27], shedding of thisnism.
receptor may represent a specific aspect of macrophageIn conclusion, increased shedding appeared to con-
response to this type of particle.
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