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Abstract ADAM17/TACE is a metalloproteinase

responsible for the shedding of the proinflammatory cyto-

kine TNF-a and many other cell surface proteins involved in

development, cell adhesion, migration, differentiation, and

proliferation. Despite the important biological function of

ADAM17, the mechanisms of regulation of its metallopro-

teinase activity remain largely unknown. We report here that

the tetraspanin CD9 and ADAM17 partially co-localize on

the surface of endothelial and monocytic cells. In situ

proximity ligation, co-immunoprecipitation, crosslinking,

and pull-down experiments collectively demonstrate a direct

association between these molecules. Functional studies

reveal that treatment with CD9-specific antibodies or

neoexpression of CD9 exert negative regulatory effects on

ADAM17 sheddase activity. Conversely, CD9 silencing

increased the activity of ADAM17 against its substrates

TNF-a and ICAM-1. Taken together, our results show that

CD9 associates with ADAM17 and, through this interaction,

negatively regulates the sheddase activity of ADAM17.
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HUVECs Human umbilical vein endothelial cells

PBLs Peripheral blood lymphocytes

PBS Phosphate buffered saline

PMA Phorbol myristate acetate

mAb Monoclonal antibody

TACE Tumor necrosis factor alpha converting

enzyme

TBS Tris buffered saline

TEMs Tetraspanin-enriched microdomains

TNF-a Tumor necrosis factor-a
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel

electrophoresis

Introduction

ADAM17 (also termed TACE: TNF-alpha converting

enzyme) was identified as the enzyme cleaving TNF-a
from its transmembrane precursor form, and later found to

cleave also the ectodomains of other cell surface proteins

that are critically involved in development, cell growth,

adhesion, differentiation and migration of leukocytes and

tumor cells (see for review [1–3]). ICAM-1 and VCAM-1,

two crucial endothelial molecules mediating leukocyte

extravasation, are also shed by ADAM17 [4, 5] and ele-

vated soluble levels of these proteins have been found in

several inflammatory and tumoral pathologies [6]. The

importance of ADAM17 is demonstrated by the perinatal

lethality observed in knockout mice, due to defective car-

diac valvulogenesis [7]. The physiological and pathological

relevance of ADAM17 substrates suggests that its proteo-

lytic activity must be finely regulated. The mechanisms

controlling ADAM17 activity remain largely unknown;

several possibilities have been proposed, including regu-

lation through phosphorylation of its cytoplasmic tail,

interaction with regulatory proteins involved in cell sig-

naling or accessibility to substrates [2, 8].

CD9 was initially identified as a lymphohematopoietic

marker and later implicated in diverse functions, including

cell signaling, growth, adhesion, motility, tumorigenesis,

metastasis, and sperm-egg fusion [9–12]. Like other tetra-

spanins, CD9 participates in the organization of a type of

cell surface microdomains—the tetraspanin web— through

lateral association with additional tetraspanins and trans-

membrane proteins [13–15]. CD9 forms complexes with

several b1 integrins, influencing integrin-mediated phe-

nomena such as adhesion, migration, signaling, and

proliferation in different cell systems [12, 16]. CD9 also

regulates bombesin-stimulated ADAM10-dependent

cleavage of HB-EGF [8, 17] and the interaction of sperm

ADAM2 and ADAM3 with egg integrin a6b1 [11, 18].

Interestingly, regulation of the constitutive ADAM10-

mediated cleavage of EGF and TNF-a by antibodies

directed to different tetraspanins, including CD9, has been

recently reported [19].

We report here that CD9 interacts with ADAM17 on the

surface of leukocytes and endothelial cells; through these

interactions CD9 exerts negative regulatory effects on

ADAM17-mediated shedding of TNF-a and ICAM-1.

Materials and methods

Cells and antibodies

The human endothelial HMEC-1 cell line was grown in

MCDB-131 medium supplemented with 20% FCS, 10 ng/

ml recombinant human EGF (Promega, Madison WI), and

1 lg/ml hydrocortisone (Sigma) on gelatin-coated flasks.

HUVECs were obtained and cultured as described [20].

The human EA-hy926 endothelial cell line (generous gift

from Dr. C. J. Edgell) was grown in DMEM)–was grown in

DMEM–10% FCS medium. The human monocytic THP-1

and T leukemic Jurkat cell lines were from the ATCC.

PBLs were isolated from healthy donors by Histopaque-

1077 density-gradient centrifugation (Sigma Diagnostics)

and removal of monocytes by adhesion to plastic dishes, as

described [21]. HUT78 T lymphocytes, Colo320 colon

carcinoma, and CD9-stably transfected Colo320 cells [22]

were cultured in RPMI 1640-10% FCS. Raji/vector

and Raji/CD9 cells stable transfectants were obtained by

electroporating human Raji B cells at 2.5 kV/cm using

an ElectroSquarePorator ECM 830 (BTX) with empty

pcDNA3 vector (Invitrogen) or vector containing CD9

cDNA. After transfection, cells were selected with medium

containing 0.9 mg/ml G418.

Anti-b1 integrin (TS2/16), anti-CD9 (VJ1/20, VJ1/10,

PAINS-13), anti-CD147 (VJ1/9) and anti-CD151 (Lia 1/1)

mAbs have been previously described [22–24]. mAb anti-

ICAM-1 Hu5/3 was kindly provided by FW Luscinskas,

(Brigham and Women’s Hospital, Boston, USA). Anti-

CD59 (PAINS-19), anti-HASP8 (PAINS-18), anti-CD81

(5A6) and anti-CD82 (TS82) were also used as controls.

Rabbit polyclonal anti-human CD151 antibody H-80 was

purchased from Santa Cruz Biotechnology. Anti-human

ADAM17/TACE Abs used were: mAb 5C2 and 2A10

(obtained in our laboratory); mAb clones 111633 and

111623 from R&D Systems; rabbit polyclonal H-170 and

H-300 Abs from Santa Cruz Biotechnology. Anti-TNF-a Ab

Infliximab (Remicade�, Schering Plough) was biotinylated

as previously described [12]. Anti-GST goat polyclonal Ab

was from Amersham Biosciences (Uppsala, Sweden).
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Flow cytometry, immunofluorescence, and confocal

microscopy

Surface expression of proteins was analyzed by flow

cytometry as previously described [22]. For immunofluo-

rescence experiments, cells were grown on 12-mm glass

coverslips (precoated with 1% gelatin for HMEC-1 cells)

and fixed with 4% formaldehyde in PBS. For double-

staining, fixed cells were incubated with the appropriate

primary antibody followed by Alexa FluorTM 488 goat

anti-mouse IgG conjugate (Invitrogen, Barcelona, Spain).

After incubation with mouse serum, cells were incubated

with the appropriate biotinylated mAb followed by rho-

damine Red-X-streptavidin (Invitrogen). Cells were

mounted with Mowiol (Calbiochem). Optical sections were

obtained with a Leica TCS-SP5 confocal laser scanning

unit attached to a Leica DMIRBE inverted epifluorescence

microscope (Leica Microsystems, Heidelberg, Germany).

In situ proximity ligation assays (PLAs)

Duolink IQ PLAs is a validated technology (Olink Bio-

science, Uppsala, Sweden) that allows detection of

protein–protein interactions in cell samples prepared for

microscopy. Cells were incubated with anti-ADAM17

mAb (clone 111633 from R&D Systems), anti-CD147

mAb VJ1/9 or anti-CD81 mAb 5A6 on the one hand, fol-

lowed by specific oligonucleotide-labeled secondary

antibody (anti-mouse-plus probe), followed by biotinylated

anti-CD9 mAb VJ1/20, and anti-biotin-minus probe after

blocking with non-immune mouse serum. Only if the two

different target molecules are in close proximity (in the

range of 50 nm), the oligonucleotides of the two probes

will hybridize and after a rolling-circle amplification

reaction and detection with a different fluorescently labeled

oligonucleotide a fluorescent dot signal can be visualized

and analyzed by microscopy.

Protein cross-linking and co-immunoprecipitation

HMEC-1 or THP-1 cells (untreated or treated with 20 ng/ml

of PMA) were lysed for 30 min at 4�C in TBS-1% Brij-97

containing 1 mM CaCl2 and 1 mM MgCl2 and protease

inhibitors. Cell lysates were microcentrifuged 15 min at

13,000 rpm. Specific antibodies were bound to Protein

A-Sepharose for 2 h at 4�C and then incubated with lysates

overnight at 4�C. Beads were then washed three times with

1:10 diluted lysis buffer and immune complexes boiled in

Laemmli buffer, resolved by SDS-PAGE, and transferred

to nitrocellulose membranes. Blots were blocked with

TBS ? 5%BSA and developed with the corresponding

primary antibody followed by incubation with secondary

peroxidase-coupled antibodies (Sigma). Chemilumines-

cence was detected with ECL detection kit (Amersham

Biosciences). Total protein concentration in whole cellular

lysates was calculated using the DC protein assay (Bio-Rad

Laboratories). Where indicated, bands were quantified

using a Bio-Rad GS-800 densitometer and analyzed with

the Quantity One Software.

In cross-linking experiments, cells were incubated for

30 min with the membrane impermeable and thiol-cleav-

able cross-linker DTSSP (Pierce-Thermo Scientific,

Rockford, IL) at 1 mM in PBS, followed by blockade in

TBS, cell lysis in 1% Triton-X100, immunoprecipitation

with respective antibodies and SDS-PAGE under reduced

conditions to cleave the thiol bonds within the cell surface

cross-linked proteins. Presence of ADAM17 after reduction

of cross-linked complexes was identified by immunoblot-

ting with the H-300 Ab, which detects unprocessed and

mature ADAM17 under reducing conditions. Assessment

of effective immunoprecipitation with the different Abs

was carried out in parallel gels under non-reducing

conditions.

Protein–protein interaction assays

The human wtCD9-LEL-GST and wtCD81-LEL-GST

fusion proteins as well as CD9-LEL-GST mutants with

Cys152, Cys153, Cys167 or Cys181 replaced by alanines,

were produced and purified as described [20, 25]. The

cDNA encoding the full-length extracellular domain of

ADAM17 linked to the human IgG constant region

(ADAM17-Fc) was kindly provided by Dr. M. Humphries

and purified from supernatants of transiently transfected

COS-1 cells as described [26]. The GST-PAK-CRIB fusion

protein (a kind gift from Dr. J. Collard) was used as a

control. The wt, mutant, and control GST fusion proteins

were incubated with ADAM17-Fc overnight at 4�C in

binding buffer (50 mM TRIS, 1 mM CaCl2, 1 mM MgCl2,

10% glycerol, 1% Brij-97, pH 7.4) containing protease

inhibitors. Protein complexes were pulled down with glu-

tathione-agarose, washed in binding buffer, fractionated in

7.5% SDS-PAGE, transferred to nitrocellulose membranes,

and immunoblotted using the commercial H-300 anti-

ADAM17 polyclonal antibody. Similarly, levels of pulled-

down GST-fusion proteins were assessed by Western blot

using commercial anti-GST antibody.

In other experiments, anti-ADAM17 5C2 mAb or anti-

human Fc mAb were immobilized in 96-well plates (over-

night at 4�C) and ADAM17-Fc or CD69-Fc constructs or

whole human IgG3 (at 20 lg/ml) were subsequently cap-

tured for 1 h by the respective immobilized antibodies. After

washing with 1:10 diluted lysis buffer, cellular lysates (cells

were lysed for 30 min at 4�C in HEPES 20 mM-1% Brij-97
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containing 1 mM CaCl2, 1 mM MgCl2 and protease inhibi-

tors) of Colo320 and Colo320-CD9 cells were added and

protein interactions allowed for 2 h at RT. In reverse studies,

plates were first coated with the VJ1/20 anti-CD9 mAb and

Colo320 or Colo320-CD9 cellular lysates were subsequently

added; excess non-bound material washed and ADAM17-Fc

protein was added. After extensive washing, well content

was removed with boiling Laemmli buffer and CD9/

ADAM17 interactions were detected after resolving in 10%

SDS-PAGE under non-reducing conditions and transference

to nitrocellulose membranes. For each condition, mem-

branes were incubated using specific anti-ADAM17

(H-300), anti-human Fc, and anti-CD9 (VJ1/20) Abs fol-

lowed by incubation with secondary HRP-coupled

antibodies and ECL detection.

Stimulated release of TNF-a and ICAM-1

Released human TNF-a into the culture medium was

determined by ELISA (Immunotools GmbH, Friesoythe,

Germany). For phorbol ester-stimulation, 7 9 105 THP-1

cells were seeded in 24-well plates in the presence or

absence of 20 ng/ml PMA for 24 h. In some experiments,

20 lg/ml of control (PAINS19, anti-CD59 mAb; PAINS

18, anti-HSPA8; 5A6, anti-CD81; TS82, anti-CD82; Lia

1/1, anti-CD151) or anti-CD9 antibodies (VJ1/20, VJ1/10,

or PAINS-13) or ADAM17 inhibitor TAPI-2 (20 or

50 lM) were present during cell treatment with PMA. For

HUT78:THP-1 contact stimulation [27], HUT78 cells were

stimulated with PHA (1 lg/ml) and PMA (5 ng/ml) for

24 h, fixed in 4% paraformaldehyde and washed exten-

sively with PBS. THP-1 cells were co-cultured with fixed

HUT78 cells (at a ratio 1:8) in the presence or absence of

anti-CD9 mAbs (VJ1/20, VJ1/10). For THP-1:PBLs con-

tact stimulation [21], PBLs were pre-incubated for 24 h

with IL-15 (50 ng/ml) and PBL:THP-1 cells co-cultured at

a ratio 10:1 in the presence or absence of specific anti-CD9

mAbs. As a control, PBL:THP-1 cell contact was prevented

using 0.4-lm pore-size transwell inserts (Costar).

The amount of ICAM-1 released from THP-1 or Jurkat

cells was determined by ELISA with the ICAM Eli-pair kit

from Diaclone (Tepnel Life Sciences, France).

Reverse transcription-quantitative polymerase chain

reaction for TNF-a

THP-1 (106 cells) were seeded in 24-well plates in the

absence or presence of PMA (20 ng/ml) or anti-CD9 mAb

VJ1/20 (20 lg/ml). After 24 h, cells were washed and

lysed, and total RNA was purified using the RNAqueous

system (Ambion). Complementary DNA was prepared at a

final concentration of 10 ng/ll using the High Capacity

Archive kit (Applied Biosystems) and 0.5 ng was amplified

in triplicate for TNF-a (and for GAPD expression, used as

endogenous reference gene), using specific TaqMan probes

(Hs00174128_m1 and Hs99999905_m1 for TNF-a and

GAPD, respectively) in a ABI PRISM 7900HT (Applied

Biosystems). Data were analyzed with the SDS 2.2.2

software and RQ calculated using deltaCt method.

ICAM-1 shedding measurements from Colo320 cells

and Colo320 stable transfectants

Colo320 colon carcinoma cells and the different stable

transfectants were transiently transfected with ICAM-1-

GFP cDNA in an ElectroSquarePorator ECM 830 as

described previously [20, 22]. After 24 h in culture, cells

were either treated with PMA (20 ng/ml) for 1 h or left

untreated and stained with the anti-ICAM-1 mAb Hu5/3

recognizing an extracellular epitope of ICAM-1, followed

by an anti-mouse-APC antibody, to detect intact (uncleaved)

transmembrane ICAM-1 expression by flow cytometry. For

each Colo320 transfectant, the amount of intact membrane

ICAM-1 after PMA treatment was normalized to its level in

resting cells to give an indication of ADAM17 activity, and

corrected for the changes in the GFP channel, which were in

all cases negligible.

Gene knock-down assays

The following shRNAs (OriGene Technologies, Rockville,

MD) were stably delivered into THP-1 or Jurkat cells by

retroviral infection according to manufacturer’s instruc-

tions: TR20003 (‘‘TR2’’) is a control plasmid without

shRNA cassette insert; T364190 (‘‘#90’’) and TI364192

(‘‘#92’’) are plasmids containing shRNA inserts to knock-

down ADAM17; and TI356235 (‘‘#35’’) is a plasmid with

the shRNA insert to silence CD9. Retrovirally transduced

cells were selected in puromycin-containing medium and,

after 1–2 weeks, reduced expression of ADAM17 or CD9

was assessed by flow cytometry.

To knock-down endothelial CD9, small interference

(si)RNA was performed as previously described [20].

HUVECs were stimulated with TNF-a (20 ng/ml) (R&D

Systems, Minneapolis, MN) for 20 h before the assays

were performed. In some cases, 50 lM TAPI-2 TACE

inhibitor was added together with TNF-a.

Results

CD9 and ADAM17 associate on monocytic

and endothelial cells

To assess the possible relationship between CD9 and

ADAM17 on the endothelial microvasculature cell line
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HMEC-1 and PMA-treated THP-1 macrophagic cells, we

performed double immunofluorescence staining of these

molecules followed by confocal microscopy analysis.

Partial co-localization of ADAM17 and CD9 was partic-

ularly evident at cell–cell contact areas, but was also

found in some apical locations on endothelial cells

(Fig. 1a). Since co-localization in optical microscopy was

suggestive of an association between these molecules

taking place on the cell surface, we employed in situ

proximity ligation assays (PLAs) as an alternative

approach to further evidence the specific interaction of

CD9 with ADAM17. PLA signal is only detected when

the secondary probes directed against the two molecules

are in a short range distance (around 50 nm) that is

consistent with molecular interactions. As shown in

Fig. 1b, PLA signal suggestive of the interaction of CD9

with ADAM17 was clearly revealed on the surface of

both PMA/THP1 and the endothelium-derived cell clone

EA-hy926. In agreement with the co-localization results

shown in Fig. 1a, the PLA signal was particularly evident

at cell–cell contact regions but was also detected on the

apical surface of endothelial cells. The same procedure

with a very abundant membrane molecule, such as

CD147/EMMPRIN did not provide appreciable PLA

signal. As a positive control, we also assayed the inter-

action of CD9 with CD81, as these two tetraspanins are

known to interact forming heterodimers and higher-order

oligomers on the cell surface [28, 29].

Fig. 1 Confocal microscopy analysis of co-localization and interac-

tion of ADAM17/TACE and CD9 proteins on endothelial and

macrophagic cells. a Co-localization of ADAM-17 and CD9. PMA-

treated THP-1 cells and HMEC-1 cell monolayers were stained with

anti-ADAM17 (clone 111633 from R&D Systems) and anti-CD9

(mAb VJ1/20) antibodies. Samples were analyzed by confocal

microscopy. Maximal projections of the confocal stack are shown

together with merged images and dot-plots of fluorescence depicting

intensity quantification in both channels for each pixel of the image

(right panels). In the case of HMEC-1 cells, vertical sections

(z) showing colocalization in the apical cellular surface are shown in

the lower panels. b In situ proximity ligation assays showing

molecular interactions between ADAM17 and CD9 on macrophagic

PMA-treated THP-1 and endothelial EA-hy926 cells. As a positive

control, the interactions between CD81 and CD9 are shown.

Negligible interactions between CD147/EMMPRIN and CD9 were

detected. Maximal projections of the confocal stack are shown

ADAM17 activity is regulated by CD9 3279
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To confirm the possibility that ADAM17 and CD9 could

be constituents of the same protein complexes, these mol-

ecules were immunoprecipitated from lysates of PMA-

treated THP-1 (Fig. 2a) and EA-hy926 (Fig. 2b) cells. CD9

is abundantly expressed on both PMA-differentiated THP-1

macrophage cells and endothelial EA-hy926 cells, whereas

the level of ADAM17 surface expression was moderate on

both cell lines (Fig. 2a, b, upper panels). As reported [30],

we observed an important increase in the surface level of

CD9 following treatment of THP-1 cells with PMA

(Fig. 2a, upper panel) and thus used these cells for lysis and

immunoprecipitation. Cell lysates were prepared under

relatively mild solubilization conditions (1% Brij-97)

aimed at preserving protein interactions in tetraspanin-

enriched microdomains at the plasma membrane. As shown

in Fig. 2a and b in the lower panels, two bands of &130-

and &95-kDa were clearly recognized in whole-cell lysates

by the anti-ADAM17 Ab H300. The same two bands were

detected when cell lysates were prepared in the presence of

the metalloproteinase inhibitors 1, 10-phenanthroline or the

hydroxamate TAPI-2, indicating that auto-digestion of the

mature form of TACE in these cells is minimal under the

lysis conditions employed (data not shown) and that the two

detected bands correspond to the unprocessed and mature

forms of ADAM17, respectively. Both forms of ADAM17

were specifically co-immunoprecipitated with CD9 and b1

integrin (but not with other tetraspanins such as CD81 or

CD151 or with CD147) from PMA-treated THP-1 and

EA-hy926 cell lysates. Reciprocally, CD9 was also co-

immunoprecipitated with ADAM17 and, as expected, with
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CD81 and b1 integrin. To further confirm that this inter-

action occurs in the plasma membrane of intact cells,

cell surface proteins were cross-linked prior to lysis with

the membrane impermeable and thiol-cleavable DTSSP

reagent and subsequently immunoprecipitated with anti-

ADAM17, antibodies against the tetraspanins CD9, CD81,

and CD151 or against another abundant membrane mole-

cules such as CD147 from PMA-treated THP-1 and EA-hy-

926 cells. As shown in Fig. 2c, bands corresponding to the

mature form of ADAM17 were clearly detected in CD9

immunoprecipitates from both cell types, demonstrating the

cross-linking between these two associated proteins on the

cell surface. In contrast, negligible cross-linking between

ADAM17 and either CD147 or tetraspanins CD81 and

CD151 was detected, although these molecules were

efficiently immunoprecipitated (Supplemental Fig. 1),

indicating the specificity of the CD9/ADAM17 interaction.

Most CD9 lateral interactions with surface proteins

involve its large extracellular loop (LEL) [14]. Fusion

proteins corresponding to the CD9 LEL domain fused to

GST (wt-CD9-LEL) and to the whole extracellular

ADAM17 domain fused to the Fc region of human IgG

(ADAM17-Fc) were employed to assess direct association

of CD9 and ADAM17. ADAM17-Fc was efficiently pulled-

down with wt CD9 LEL (Fig. 2d). Interaction of ADAM17-

Fc with the wt LEL of CD81—a tetraspanin closely related

to CD9—was also clearly detected, but not with the wt LEL

of two other tetraspanins, CD151 and CD63, or with the

control fusion PAK-CRIB-GST protein. Interestingly, four

CD9 LEL-GST constructs in which cysteines C152, C153,

C167, or C181 (that are involved in the formation of two

intra-LEL domain disulfide bonds) were mutated to ala-

nines retained—although to varying degrees—the ability to

pull-down ADAM17-Fc, with C153A and C167A mutants

clearly showing markedly reduced interaction.

To confirm association with cellular CD9, ADAM17-Fc

was first immuno-captured on plastic wells with an

immobilized anti-ADAM17 mAb and then cell lysates of

Colo320 (a CD9-negative colon carcinoma cell line) or

Colo320-CD9 cells (expressing high amounts of CD9 after

stable transfection) were added to wells. After incubation

and extensive washing of unbound material and solubili-

zation in Laemmli buffer, CD9 interacting with captured

ADAM17-Fc was detected by immunoblotting with mAb

VJ1/20. CD9 was clearly detected only when cell lysates of

Colo320-CD9 but not of CD9-negative parental Colo320

cells were added into the wells (Fig. 2e, left panel). In

contrast, no interaction of immuno-captured ADAM17-Fc

with other cellular molecules, such as the tetraspanin

CD151 or CD147/EMMPRIN, could be detected although

these proteins are highly expressed in both Colo320 and

Colo320-CD9 cells as revealed by immunoblotting of

Fig. 2 Biochemical analysis of the association between ADAM17/

TACE and the CD9 tetraspanin in monocytic and endothelial cell

lines. a Surface expression of b1 integrin, TACE/ADAM17, and CD9

molecules in monocytic THP-1 cells was analyzed by flow cytometry

upper panel. Grey-filled histograms correspond to negative control

and thick black line histograms to the expression of each indicated

molecule on untreated cells. For CD9, the level of its expression on

PMA-differentiated THP-1 cells is also shown by the thin-line
histogram. Immunoprecipitation assays from THP-1 cells cultured for

24 h in the presence of 20 ng/ml PMA and lysed using 1% Brij-97 as

described in ‘‘Materials and methods’’ lower panel. Lysates were

immunoprecipitated with anti-b1 integrin (mAb TS2/16), anti-

ADAM17 (mAb clone 111633), anti-CD9 (mAb VJ1/20), anti

CD81 (mAb 5A6), anti-CD151 (mAb Lia1/1), and anti-CD147

(VJ1/9) antibodies. Immunoprecipitated complexes were resolved in

10% SDS-PAGE under non-reducing conditions. ADAM17 and CD9

were detected by Western blot using H-300 (Santa Cruz Biotechnol-

ogy) and VJ1/20 antibodies, respectively. Blots are representative of

three different experiments. b As for THP-1 cells, surface expression

of the different molecules was studied in untreated HMEC-1

endothelial cells (upper panel). EA-hy926 cells were cultured to

confluence and extracted using 1% Brij-97 and immunoprecipitation

was carried out as described above. Blots are representative of three

different experiments. c Surface proteins on PMA-treated THP-1 and

EA-hy926 cells were cross-linked with DTSSP prior to lysis in 1%

Triton-X100 and cross-linked protein complexes were immunopre-

cipitated with anti-CD147 (VJ1/9), anti-CD9 (VJ1/20), anti-CD81

(5A6), anti-CD151 (Lia1/1), and anti-ADAM17 (2A10) mAbs.

Immunoprecipitated complexes were resolved in 10% SDS-PAGE

under reducing conditions to cleave the disulfide bonds of cross-

linker. Presence of ADAM17 was identified by immunoblotting with

the H-300 pAb (Santa Cruz Biotechnology), which detects both the

immature and mature forms of ADAM17 under reducing conditions.

d Pull-down assays using the wt and C152A, C153A, C167A, or

C181A mutant forms of CD9-LEL-GST, wt CD81-LEL-GST, wt

CD151-LEL-GST, wtCD63-LEL GST, or the control PAK-CRIB-

GST fusion proteins were incubated with ADAM17-Fc as specified

under ‘‘Materials and methods’’ (upper panel). The lower panel
shows the immunodetection with an anti-GST antibody of wt and

mutant CD9-LEL-GST, wt CD81-LEL-GST, and PAK-CRIB-GST

fusion proteins employed. e Left panel: The 5C2 anti-ADAM17 or

anti-human Fc antibodies were first immobilized and ADAM17-Fc,

CD69-Fc, or whole human IgG3 then immuno-captured in plastic

wells. Lysis buffer (–) or cellular lysates from Colo320 or Colo320-

CD9 cells were subsequently added as described in ‘‘Materials and

methods’’. The presence/absence of CD9, CD151, and CD147

retained in wells through association with immuno-captured

ADAM17-Fc, CD69-Fc, or human IgG3 was probed by immunoblot-

ting with anti-CD9 mAb VJ1/20, anti-CD151 (H-80), or anti-CD147

(VJ1/9) antibodies (lower blots). Presence of the immuno-captured

ADAM17-Fc or CD69-Fc constructs or whole human IgG3 in the

complexes was confirmed by blotting the membranes with the anti-

ADAM17 Ab (H-300) and anti-human Fc, respectively, (upper blots).

Center panel: expression of CD9, CD151, and CD147 in whole-cell

lysates of Colo320 and Colo320-CD9 cells was confirmed by

immunoblotting with respective specific antibodies. Right panel
Interaction of ADAM17-Fc with cellular CD9 was also confirmed in

the reverse experiment in which CD9 or CD151 were first immuno-

captured with anti-CD9 (VJ1/20) or anti-CD151 (Lia 1/1) mAbs,

respectively, then incubated with lysates of Colo320 or Colo320-CD9

and finally ADAM17-Fc was added to each well. As before, the

presence of immuno-captured CD9 or CD151 (lower blots) and

retained ADAM17-Fc in the protein complexes (upper blots) was

detected by immunoblotting with specific antibodies
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whole-cell lysates (Fig. 2e, center panel) and flow cytom-

etry (not shown). Two additional immuno-captured

proteins containing Fc domains, whole human IgG3 and

CD69-Fc, did not show interaction with CD9 from

Colo320-CD9 lysates, confirming the specificity of the

CD9-ADAM17 interaction in these assays and ruling out

any non-specific interaction of CD9 with the Fc region

(Fig. 2e, left panel).

The interaction of ADAM17-Fc with cellular CD9 was

also confirmed in reverse experiments, in which CD9 was

first immuno-captured in wells with immobilized mAb

VJ1/20 from lysates of Colo320 or Colo320-CD9, excess

unbound material washed and finally ADAM17-Fc added.

ADAM17-Fc was only retained and immunodetected

when CD9 from Colo320-CD9 cells had been previously

immuno-captured in the wells (Fig. 2e, right panel). No

interaction of ADAM17-Fc with immuno-captured CD151

could be detected in these assays, again indicating the

specificity of the ADAM17/CD9 interaction.

Taken together, the co-localization, in situ proximity

ligation assays and biochemical results demonstrate the

specific and direct interaction on the cell surface of

ADAM17 with CD9 through its LEL domain.

Anti-CD9 antibodies inhibit the sheddase activity

of ADAM17/TACE

We investigated whether ADAM17 proteolytic activity is

regulated through the associated CD9 molecules. THP-1

cells represent a useful system to study regulation of
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ADAM17 activity as their treatment with PMA stimulates

ADAM17, increasing shedding of the ectodomains of

TNF-a and several other ADAM17 substrates [31, 32]. As

shown in Fig. 3a, the constitutive release of TNF-a from

unstimulated THP-1 cells (time = 0 h) was only minimally

above the detection limit of the ELISA employed. An

increase in the amount of soluble TNF-a could be detected

already after 2 h and 6 h of PMA treatment but was much

more evident after 24 h treatment with 20 ng/ml PMA.

Higher concentrations and longer PMA exposure further

stimulated the shedding of TNF-a but also resulted in

increased cell death (not shown). We therefore selected

20 ng/ml PMA for 24 h as the standard conditions to

stimulate TNF-a release from THP-1 cells in subsequent

experiments, unless otherwise indicated. Under this stim-

ulation protocol, the release of TNF-a was completely

abrogated with the drug TAPI-2, a relatively selective

inhibitor of ADAM17 [33, 34] (Fig. 3b), indicating that

this metalloproteinase is the main sheddase involved. To

definitively demonstrate that ADAM17 is responsible for

the PMA-stimulated release of TNF-a from THP-1 cells we

knocked it down with specific shRNAs. Figure 3c shows

that the PMA-stimulated release of TNF-a from THP-1

cells transduced with two different ADAM17-specific

shRNAs was almost completely abrogated compared to

either PMA-stimulated un-transduced THP-1 cells or

transduced with control shRNA.

We next investigated the effects of anti-CD9 mAbs in

this cellular system. As shown in Fig. 3d, significant

inhibition of TNF-a release from PMA-stimulated THP-1

cells was caused by the presence of three different anti-

CD9 antibodies (VJ1/20, VJ1/10, or PAINS-13) but not by

mAbs-specific for other tetraspanins—such as CD82 or

CD81—or for the control CD59 or HASP8 molecules that

are expressed to similar levels to CD9 on the surface of

these cells (not shown). An anti-CD151 mAb was also

ineffective at inhibiting the PMA-stimulated release of

TNF-a, but in this case the level of expression of this tet-

raspanin on THP-1 cells was much lower than that of CD9.

The effects of anti-CD9 mAbs did neither relate to an effect

on TNF-a transcription, as confirmed by quantitative real-

time PCR (Fig. 3e), nor to an effect on TACE internali-

zation (Supplemental Fig. 2).

More physiological models using T cell contact instead

of PMA to stimulate TNF-a release from THP-1 cells have

also been described [21, 27]; by employing models with

HUT78 T cells (Fig. 3f) or IL-15-treated PBLs (Fig. 3g) as

stimuli, we observed similar inhibitory effects of anti-CD9

mAbs on TNF-a release from THP-1 cells.

The observed inhibitory effect of the three anti-CD9

mAbs used in the present study (VJ1/20, VJ1/10, and

PAINS13) on the TNF-a release from PMA-stimulated

THP-1 cells (Fig. 3d), which is dependent on ADAM17, is

in marked contrast to the stimulatory effect exerted by a

different set of three anti-CD9 mAbs (SYB-1, ALB-6, and

TS9) on the ADAM10-mediated release of TNF-a from

unstimulated CD9-transfected Raji cells (Raji/CD9),

reported by Arduise et al. [19]. As shown in Fig. 4, our

three CD9 mAbs inhibited the release of TNF-a from

PMA-stimulated Raji/CD9 cells (which is mediated by

ADAM17, as reported by Arduise et al.) but in agreement

Fig. 3 Effects of anti-CD9 mAbs on the ADAM17-mediated shed-

ding of TNF-a from THP-1 cells. a ELISA quantification of soluble

TNF-a released from THP-1 cells stimulated with different concen-

trations of PMA for the indicated times. Released TNF-a
concentrations were calculated from a standard curve using known

amounts of this cytokine. b Specific involvement of ADAM17/TACE

in the PMA-stimulated (20 ng/ml, 24 h) release of TNF-a from

THP-1 cells was assessed using the inhibitor TAPI-2. The amount of

soluble TNF-a released from PMA-stimulated cells was considered as

100%. A representative experiment out of five is shown. c ADAM17

knock-down abrogates the PMA-stimulated release of TNF-a from

THP-1 cells. Upper panel: Flow cytometry analysis of ADAM17

expression; grey-filled histograms represent unstained control cells,

thin black line histograms represent THP-1 cells retrovirally trans-

duced with control shRNA plasmid (‘‘TR2’’) and thick black line
histograms represent THP-1 cells retrovirally transduced with two

different ADAM17-specific shRNA plasmids (‘‘#90’’ and ‘‘#92’’).

Cells were stained with the anti-ADAM17 Ab H-170. Lower panel:
TNF-a released by untransduced cells or retrovirally transduced with

control shRNA (‘‘TR2’’) or ADAM17 plasmids (‘‘#90’’ and ‘‘#92’’).

Cells were treated or not with 20 ng/ml PMA for 24 h and soluble

TNF-a was detected by ELISA, as described in ‘‘Materials and

methods’’. Soluble TNF-a released from control untransduced cells

stimulated with PMA was considered as 100%. Data represent one

representative experiment out of five. d Soluble TNF-a released from

untreated or PMA-stimulated THP-1 cells in the presence of different

anti-CD9 or control mAbs. The amount of released TNF-a was

expressed as a percentage of the TNF-a released by PMA-stimulated

THP-1 cells in the absence of any antibody. Experiments were

performed in triplicates and data represent the mean ± SD from five

experiments. e TNF-a expression was detected by real-time PCR.

Data represent relative quantity of TNF-a expression in samples

treated for 24 h with PMA alone or PMA plus anti-CD9 mAb VJ1/20

as compared to untreated THP-1 cells. Error bars represent the

confidence interval of each RQ value with the confidence limit set at

95%. f TNF-a released from THP-1 cells activated by contact with

HUT78 T cells. THP-1 cells were plated alone or co-cultured with

fixed HUT78 T cells for 24 h in the absence or presence of 20 lg/ml

of the anti-CD9 mAbs VJ1/20 or VJ1/10. The amount of soluble

TNF-a in the culture medium was measured by ELISA and expressed

as a percentage of the TNF-a released by the THP-1 cells co-cultured

with HUT78 in the absence of antibodies. Data is mean ± SD from

one representative experiment out of four. g Release of TNF-a from

THP-1 cells following stimulation through contact with peripheral

blood leukocytes (PBLs). PBLs were incubated with IL-15 (50 ng/ml)

for 24 h and then washed and co-cultured together with human THP-1

cells for 24 h in presence of control or anti-CD9. As a negative

control, cellular contact between PBLs and THP-1 cells was

prevented by separating both cell types using a 0.4-lm pore transwell

insert. The amount of TNF-a in the THP-1-PBL condition was

considered as the 100% for data calculation. Experiments were

performed in triplicates and data is the mean ± SD from four

independent experiments. In all cases, **(p \ 0.001) and *(p \ 0.01)

denote statistically significant differences in the release of TNF-a, as

determined by two-way ANOVA analysis
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with the findings already reported [19] with the other anti-

CD9 mAbs (SYB-1, ALB-6, and TS9) induced the release

of TNF-a from unstimulated Raji/CD9 cells (which, as

reported by Arduise et al., is mediated by ADAM10).

These data suggest that CD9 mAb inversely regulate

ADAM-10 and ADAM-17 activity.

shRNA knocking-down or ectopic neoexpression

of CD9 inversely regulate ADAM17 activity

in different cell types

Previously, we have described that the anti-CD9 mAbs used

in this study act as agonists of CD9 on cell adhesion and

proliferation [12]; therefore the inhibition of TNF-a release

from PMA-stimulated THP-1 cells caused by these anti-

CD9 mAbs points to a negative role of CD9 on ADAM17

activity. To confirm this issue, we assessed the PMA-

stimulated shedding of TNF-a after silencing CD9 expres-

sion in THP-1 as well as in Jurkat T cells [35, 36]. A

significant reduction in membrane expression of CD9 was

achieved in both cells (Fig. 5a, b, top panels) after retroviral

transduction of specific CD9 shRNA. Interestingly, the

PMA-stimulated release of TNF-a was significantly

increased in CD9 shRNA interfered cells compared to cells

transduced with the control shRNA. This increased PMA-

stimulated TNF-a release was not due to enhanced

ADAM17 expression as assessed by flow cytometry (data

not shown). PMA-induced release of TNF-a in both THP-1

and Jurkat cells was totally dependent on ADAM17 activity

as it was almost completely blocked by treatment with the

inhibitor TAPI-2 (Fig. 5a, b, middle panels) or TACE

silencing (Fig. 5a, b, bottom panels). Noteworthy, the

enhanced release of TNF-a from CD9-interfered THP-1 and

Jurkat cells correlated with a decrease in transmembrane

levels of this cytokine on the same cells (as measured by

flow cytometry), which were restored by treatment with

TAPI-2, as would be expected from an ADAM-mediated

shedding mechanism (Fig. 5 a, b, center panels).

We next investigated if the effect of CD9 silencing on

ADAM17-mediated shedding of TNF-a from THP-1 and

Fig. 4 Effects of anti-

tetraspanin mAbs on the

ADAM10 and ADAM17-

mediated shedding of TNF-a
from Raji/CD9 cells. a Flow

cytometry detection of CD9

expressed on the cell surface of

mock-transfected (Raji/vector)

and CD9-tranfected Raji (Raji/

CD9) cells under unstimulated

or PMA-stimulated (40 ng/ml

PMA, 24 h) conditions.

b Quantification of soluble

TNF-a released from CD9-

negative Raji/vector and CD9-

transfected Raji/CD9 cells

under resting or PMA-

stimulated conditions (40 ng/ml

PMA, 24 h) in the absence or

presence of the indicated

tetraspanin-specific mAbs

(20 lg/ml, 24 h). The amount

of released TNF-a was

measured by ELISA and is

expressed in pg/ml.

Experiments were performed in

triplicates and bars represent the

mean ± SD. A representative

experiment out of three is

shown
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Fig. 5 Effects of shRNA CD9 knock-down on the shedding of

TNF-a. Expression of membrane CD9 on THP-1 (a, upper panel) and

Jurkat cells (b, upper panel) was determined by flow cytometry

before and after treatment with 20 ng/ml PMA for 24 h. Grey-filled
histograms correspond to cells labeled with a negative control

antibody, thin black lines show the expression of CD9 on cells

retrovirally transduced with control shRNA plasmid (‘‘TR2’’), and the

thick black lines show the expression of CD9 on cells stably

transduced with shRNA plasmid specific for CD9 (‘‘#35’’). Middle
panels: Amount of released and transmembrane TNF-a from THP-1

(a) or Jurkat cells (b) retrovirally transduced with a control shRNA

plasmid (‘‘TR2’’) or with a CD9 shRNA plasmid (‘‘#35’’). Cells were

either untreated or treated for 24 h with 20 ng/ml PMA (THP-1 cells)

or 50 ng/ml (Jurkat cells), in the presence or absence of inhibitor

TAPI-2 (50 lM). Soluble TNF-a released by control shRNA cells

following stimulation with PMA was considered as 100%. Data is

mean ± SE from one representative experiment out of eight.

Transmembrane levels of TNF-a, expressed as the mean channel

fluorescence (MCF), were determined by flow cytometry. Cells

retrovirally transduced with control shRNA (‘‘TR2’’) or CD9-specific

shRNA (‘‘#35’’) were either left untreated or stimulated for 24 h with

20 ng/ml PMA (THP-1 cells) or 50 ng/ml (Jurkat cells) in the

presence or absence of the inhibitor TAPI-2 (50 lM). Lower panels:

Amount of released TNF-a from THP-1 (a) or Jurkat (b) cells

retrovirally transduced with a control shRNA plasmid (‘‘TR2’’) or

with a CD9 shRNA plasmid (‘‘#35’’). These stably CD9-silenced cells

(‘‘#35’’) were additionally transiently transfected either with control

shRNA (‘‘TR2’’) or with ADAM17 shRNA plasmid (‘‘92’’). Cells

were either left untreated or treated for 24 h with 20 ng/ml PMA

(THP-1 cells) or 50 ng/ml (Jurkat cells). Data correspond to one

representative experiment out of three. In all cases, **(p \ 0.001) and

*(p \ 0.01) denote statistically significant differences, as determined

by two-way ANOVA analysis
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Jurkat cells also applied to ICAM-1, another relevant

substrate of this metalloproteinase [4]. As shown in Fig. 6a

and b, the PMA-stimulated release of ICAM-1 from CD9-

silenced THP-1 cells or Jurkat T was significantly

increased compared to that from control-interfered cells.

ICAM-1 release was abrogated by TAPI-2, indicating its

dependence on ADAM17 activity, which was further

demonstrated by the blockade of ICAM-1 shedding

observed in ADAM17-silenced cells.

We have reported that diminished transmembrane

ICAM-1 expression on TNF-a-stimulated HUVECs occurs

after CD9 silencing, with functional consequences in

leukocyte adherence and extravasation [20]. Therefore, we

investigated whether the observed reduction in ICAM-1

surface expression on CD9-interfered endothelial cells

could be mediated by ADAM17. Figure 6c shows that the

reduction in the expression of surface ICAM-1 observed on

TNF-a-stimulated HUVECs after siRNA-CD9 was rever-

ted by treatment of cells with TAPI-2, whereas the levels of

ADAM17 detected by flow cytometry were not altered by

siRNA-CD9 or TAPI-2 treatment (data not shown).

Considering the effect of CD9 on ADAM17 activity

observed in different cell systems, we reasoned that

inhibitory effects should also occur following ectopic
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neoexpression of CD9 in cells lacking this tetraspanin.

To assess this hypothesis, we selected the human colon

carcinoma Colo320 cells (because they lack endogenous

expression of tetraspanins CD9 and CD82) and transfectant

cell lines derived from them (Colo320-CD9 and Colo320-

CD82) [12, 22] (Fig. 6d, left panels). We assessed by

immunoblotting and flow cytometry that the levels of

ADAM17 were not altered following stable CD9 or CD82

transfection (not shown). Colo320-pCDNA3 (stably trans-

fected with empty vector), Colo320-CD9 and Colo320-

CD82 cells were additionally transfected with a cytoplas-

mic-GFP-tagged ICAM-1 cDNA. ADAM-17-mediated

shedding was stimulated by short treatment (1 h) of cells

with PMA (20 ng/ml). As shown in Fig. 6d, in the case of

Colo320-pCDNA3 and Colo320-CD82, PMA induced a

clear shift towards lower expression of intact ICAM-1

(detected with mAb Hu5/3 which is specific for the

extracellular region of ICAM-1, red dots [37]), reflecting

the shedding of this molecule, compared to the same cells

without PMA treatment (gray dots). This shift in the

expression of intact transmembrane ICAM-1 did not take

place in the case of Colo320-CD9 cells, indicating an

inhibition of ADAM17 sheddase activity against ICAM-1

after neoexpression of CD9.

To perform a structure–function analysis with the aim to

establish which regions of CD9 are responsible for the

observed inhibition of ADAM17 activity, we have made

use of a set of Colo320 cell transfectants stably expressing

significant amounts of different CD9/CD82 chimeric tet-

raspanin molecules (CD9x82, CD82x9, CD82LEL9, and

CD82CCG9) (Supplemental Fig. 3) [22]. As shown in

Fig. 6e, only the tetraspanin molecules containing the CD9

LEL (wtCD9 and chimeras CD82x9, CD82LEL9) dis-

played clear inhibitory effects on the short-term PMA-

stimulated shedding of ICAM-1. In contrast, expression of

wtCD82 or the chimeric molecule containing the CD82

LEL (CD9x82) did not show any inhibitory effect. These

results establish that the LEL domain of CD9 is responsible

for the interaction and functional effects exerted by this

tetraspanin on ADAM17 activity and concur with the in

vitro pull-down data shown in Fig. 2d. We further nar-

rowed down the region of the CD9 LEL involved in these

effects through the use of the CD82CCG9 chimera, whose

first part of its LEL corresponds to CD82 (up to the CCG

motif) and only the second part of its LEL corresponds to

CD9. This chimeric tetraspanin displayed a significant

inhibitory effect on ICAM-1 shedding, indicating that the

second hypervariable half of CD9 LEL is crucial at

mediating the functional effects exerted by this tetraspanin

on ADAM17.

Dynamic regulation of the CD9-TACE association

by phorbol ester stimulation

The results presented so far clearly show that the tetra-

spanin CD9 associates with ADAM-17/TACE on the cell

surface and through this interaction exerts a negative

Fig. 6 Effects of knocking down and ectopic neoexpression of CD9

on the ADAM17-mediated shedding of ICAM-1. The amount of

soluble ICAM-1 released from THP-1 cells stimulated for 24 h with

20 ng/ml PMA (a) and from Jurkat cells stimulated for 24 h with

50 ng/ml PMA (b) was determined by ELISA. Cells were retrovirally

transduced with a control shRNA plasmid (‘‘TR2’’) or with a CD9-

specific shRNA plasmid (‘‘#35’’). The dependence of ICAM-1 release

upon ADAM17 metalloproteinase activity was assessed by treating

cells with the inhibitor TAPI-2 (50 lM) and by knocking-down

ADAM17 expression with a specific shRNA plasmid (‘‘#90’’). The

amount of soluble ICAM-1 released from cells retrovirally transduced

with control plasmid (‘‘TR2’’) upon stimulation with PMA was

considered as 100%. Data represent the means ± SD from one

representative experiment out of five. c siRNA knocking-down of

CD9 in HUVECs results in diminished levels of membrane ICAM-1.

Selective knock-down expression of endothelial tetraspanin CD9 by

siRNA assay was performed as described in ‘‘Materials and meth-

ods’’. Cells were cultured onto fibronectin to confluence in the

absence (resting) or in the presence of TNF-a for 20 h. Dependence of

ICAM-1 shedding on ADAM17 activity was assayed by addition of

the inhibitor TAPI-2 (50 lM) for 20 h. Left panel: Surface expression

of ICAM-1 was analyzed by flow cytometry using the Hu5/3 mAb as

primary antibody in TNF-a–treated control siRNA interfered-HU-

VECs (thin line), CD9 siRNA interfered HUVECs (thick line) and

CD9 siRNA interfered in the presence of TAPI-2 (dotted line). Right
panel: Relative amounts of membrane ICAM-1 were calculated from

the mean fluorescence intensity, considering the value obtained for

TNF-a-treated control siRNA-interfered HUVEC cells as 100%. Data

represent the mean ± SD of two independent experiments. d Ectopic

neo-expression of CD9 (but not of CD82) in colon carcinoma cell line

Colo320 inhibits PMA-induced ICAM-1 shedding. Left panels:

cDNA for ICAM-1-GFP was transiently transfected in Colo320 cells

stably transfected with either empty vector (pCDNA3) or with vector

containing the cDNA coding for CD9 or for CD82. Cells were stained

with the anti-ICAM-1 mAb Hu5/3 followed by an anti-mouse-APC

antibody to detect intact transmembrane ICAM-1 expression by flow

cytometry. Dot-plots show the cell distribution in terms of fluores-

cence corresponding to the GFP expression (x-axis) and to intact

transmembrane ICAM-1 expression (y-axis) prior (grey dots) or after

(red dots) their treatment for 1 h with PMA (20 ng/ml). ICAM-1

shedding is reflected by the displacement of dots from a diagonal

distribution towards high GFP fluorescence/low intact ICAM-1

expression in pCDNA3 and CD82-transfected cells. The PMA-

induced displacement is not observed in CD9-expressing cells

reflecting the inhibition of ICAM-1 shedding. Right panel: Bars

represent the ratios of expression of intact transmembrane ICAM-1

(mean fluorescence intensity of Hu5/3 mAb staining) after/before

PMA treatment, as an indication of TACE/ADAM17-mediated

shedding. Data represent the mean ± SD of triplicate samples.

e Colo320 cells were stably transfected with either empty vector

(pCDNA3) or with vector containing the cDNA coding for CD9, for

CD82 or for each of the CD9/CD82 chimeric tetraspanin molecules

(CD82 9 9, CD9 9 82, CD82LEL9, and CD82CCG9) represented

on the left. These stable transfectants were transiently transfected with

ICAM-1-GFP. Each cell transfectant was either treated with PMA

(20 ng/ml) for 1 h to activate ADAM17 or left untreated and then

stained with the anti-ICAM-1 mAb Hu5/3 as in d. Data represent the

mean ± SD of four independent experiments. *(p \ 0.01) denotes

statistically significant differences, as determined by two-way

ANOVA analysis
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regulatory role on the sheddase activity of this metallo-

proteinase. In order to play a functionally relevant role in

cellular physiology, this association of CD9 with TACE is

expected to be dynamically regulated by intracellular sig-

naling. To evaluate this possibility, we assessed changes in

the amount of ADAM-17/TACE and CD9 that co-immu-

noprecipitated along with immunoprecipitated CD9 and

ADAM17, respectively, from EA-hy926 cell lysates fol-

lowing stimulation with phorbol ester PMA (50 ng/ml) for

different periods of time (0, 2, 8, and 24 h). The results of

these experiments clearly show that the interaction between

CD9 and ADAM17 is reduced by PMA stimulation as

evidenced by the decreased ratios between immunopre-

cipitated and co-immunoprecipitated proteins (Fig. 7b).

We also checked that these changes in CD9/ADAM17

association were not due to alterations in the level of

expression of these proteins (Fig. 7a).

Discussion

ADAM17/TACE is responsible for the shedding of a large

variety of transmembrane cell surface proteins, including

the cytokine TNF-a and the adhesion molecule ICAM-1,

which are critically involved in inflammation and immune

responses [2–4]. The process of ADAM17 activation

remains largely unknown. Phorbol esters like PMA stim-

ulate ADAM17 activity and concomitant PKC-mediated

Fig. 7 Association of CD9 with ADAM-17 is dynamically regulated

by phorbol ester PMA. a Expression of surface CD9 and ADAM17 on

endothelial EA-hy926 cells remains stable and is not affected by

treatment with 50 ng/ml PMA for the indicated times. b Upper
panels: EA-hy926 cells were treated with PMA (50 ng/ml) for the

indicated times, then lysed in 1% Brij-97 and ADAM17 or CD9

immunoprecipitated with 2A10 and VJ1/20 mAbs, respectively,

as described in ‘‘Materials and methods’’. The presence of CD9

co-immunoprecipitated with ADAM17 and of ADAM17

co-immunoprecipitated with CD9 were detected by Western blot

using VJ1/20 (CD9) and H-300 (ADAM17) antibodies, respectively.

Lower panels: The ratios between the amount of immunoprecipitated

and co-immunoprecipitated proteins were calculated from densito-

metric analysis of bands as described in ‘‘Materials and methods’’ and

represented relative to the ratio from untreated cells (PMA = 0 h),

which was considered as 100%. A representative experiment out of

two is shown
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phosphorylation of its cytoplasmic tail [2, 38]. However,

the activity of a truncated ADAM17 form lacking the

cytoplasmic tail is still stimulated by PMA, implying that

additional regulatory mechanisms are involved [39]. PMA

might alter ADAM17 interaction with other proteins,

affecting its sheddase activity. In this regard, PMA mod-

ulates the functional interaction of ADAM17 with FHL2,

an intracellular protein involved in protein–protein inter-

actions and in their association with actin cytoskeleton

[40]. Similarly, the PMA-promoted interaction of

ADAM17 with the metalloendopeptidase nardilysin

enhanced ADAM17-dependent ectodomain shedding of its

substrate HB-EGF [41]. In contrast, other intracellular

proteins have been shown to negatively regulate ADAM17

activity through association to its cytoplasmic tail,

including SAP97 and PTPH1 [42, 43].

We report here that ADAM17 is a component of surface

multiprotein complexes that also comprise CD9 and integrin

b1 on endothelial and leukocytic cells. This is in agreement

with the reported interaction between ADAM17 and integrin

a5b1 [26]. The occurrence of these complexes has been

demonstrated here by different complementary approaches:

co-localization, in situ proximity ligation assays, chemical

cross-linking, co-immunoprecipitation, and pull-down

experiments employing recombinant proteins.

Interestingly, while both unprocessed and the mature

forms of ADAM17 were co-immunoprecipitated with CD9

from monocytic and endothelial cells, almost all ADAM17

found associated to CD9 after chemical cross-linking

belonged to the mature form. The fact that the chemical

cross-linker employed (DTSSP) is membrane-impermeable

indicates that in the plasma membrane CD9 directly

interacts mostly with the mature (catalytically active) form

of ADAM17. On the other hand, the fact that both forms of

ADAM17 are co-immunoprecipitated with CD9 after cell

lysis in milder (1% Brij-97) conditions may reflect that

ADAM17/CD9 associations take place during maturation

of ADAM17 and transit to the plasma membrane.

The specific interaction of the recombinant extracellular

domain of ADAM17 with cellular CD9 (but not with other

abundantly expressed cell surface proteins) was also

detected in lysates of Colo320-CD9 transfected cells, but

not of CD9-negative parental Colo320 colon carcinoma

cells. It is well established that most tetraspanin interac-

tions with other membrane proteins are mediated by the

variable region within their LEL domain, whose confor-

mation is maintained by distinct disulfide bonds [14]. Our

protein–protein interaction assays indicate that CD9

directly associates with ADAM17 through its LEL domain.

Interestingly, partial loss of the LEL conformation in

mutants C153A and C167A, which form one disulfide

bridge that extends from the beginning (N-end) to the

central region of the variable region of the LEL,

dramatically reduced the interaction with ADAM17,

whereas mutants in cysteines C152A and C181A, that form

a second disulfide bond between the N- and C-ends of the

variable region, had only a minor impact on the interaction

with ADAM17. In this regard, C152/153 mutations had

only a small effect on other CD9-mediated events like HIV

uptake [44] and a much larger but still incomplete inhibi-

tory effect on sperm/egg fusion [25]. Similarly, fusion of

monocytes to become giant cells was also inhibited by CD9

LEL Cys153 but to only 50% of the maximal inhibition

induced by wild-type CD9 LEL. These data suggest that

different regions of CD9 LEL mediate distinct functions

and only some are sensitive to disruption of disulfide

linkages. Further support for the importance of the LEL

domain at mediating CD9-mediated functional effects has

been obtained through expression of a set of different tet-

raspanin chimeras, encompassing different regions of CD9

and CD82, in colorectal carcinoma Colo320 cells showing

that the inhibitory effects of CD9 on the PMA-stimulated

shedding of ICAM-1 requires the CD9 LEL domain. We

found that CD81 LEL also interacts with ADAM17 in

vitro; this tetraspanin is highly homologous to CD9 and has

been recently reported to interact with ADAM10, which is

the member of the ADAM family most closely related to

ADAM17/TACE [19, 45]. However, in situ crosslinking

experiments did not reveal a direct association between

CD81 and ADAM17. This apparent paradox might be due

to steric constrictions in the plasma membrane, limiting the

intermolecular access and direct molecular associations.

Moreover, CD9 and CD81 are usually forming heterodi-

mers, so indirect association is feasible. However, mAbs

anti-CD81 did not inhibit ADAM17 activity, further sug-

gesting that among these molecules CD9 is the main in

vivo modulator of ADAM17-dependent shedding. In con-

trast, the LELs of two additional tetraspanins, CD151 and

CD63, did not show any association with recombinant

ADAM17, indicating the specificity of the observed

interactions.

We show here that treatment with agonist CD9-specific

mAbs or CD9 neoexpression inhibit ADAM17 sheddase

activity against its substrates TNF-a and ICAM-1, while

CD9 silencing had the opposite effect in leukocytes and

endothelial cells. These results would explain the reported

increase in membrane TNF-a on different human colon

carcinoma cells after neoexpression of CD9 or treatment

with anti-CD9 mAbs [12].

We have previously reported that the adhesive function

of ICAM-1 and VCAM-1 during leukocyte transendothe-

lial migration is crucially regulated by endothelial

tetraspanins [20]. Here we show that CD9 silencing on

stimulated HUVEC results in a clear decrease in the

membrane level of ICAM-1, likely reflecting the release

from the inhibitory effect exerted by CD9 on TACE
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activity. The inhibitor TAPI-2 restored the surface levels of

ICAM-1 in CD9-interfered HUVEC, suggesting the

implication of ADAM17. These results help to explain the

mechanism by which CD9 regulates the levels of ICAM-1

on endothelial cells and the subsequent consequences in

terms of leukocyte adhesion and transmigration [15, 20].

Compartmentalization within tetraspanin-enriched

microdomains (TEMs) is emerging as an important regu-

latory mechanism of the function of adhesion and signaling

receptors and different transmembrane metalloproteinases

(reviewed in [13, 46]). The modulation of ADAM17

sheddase activity through association with CD9 described

here represents another relevant example of such regulatory

mechanisms. Several non-mutually exclusive possibilities

could explain the observed negative influence of CD9 on

ADAM17 activity. One such possibility is that upon direct

interaction with CD9-LEL, conformational changes are

imposed to the extracellular region of ADAM17 leading to

inhibition of its proteolytic activity. In this regard, confor-

mational changes have been reported to be transmitted to

integrin a3b1 upon association with the tetraspanin CD151,

resulting in this case in integrin activation and enhanced

ligand-binding [47]. Our results also show that intracellular

signals can dynamically regulate the extent of association

between CD9 and ADAM-17 within TEMs on the cell

surface. The observed dissociation between CD9 and

ADAM17 that is induced by PMA treatment could partially

explain the stimulatory effect of PMA on ADAM17 activity

through a mechanism involving its release from the inhib-

itory effect conferred through CD9 interaction.

Another possibility is that CD9-mediated compartmen-

talization of either ADAM17 itself or some of its substrates

would result in their reduced lateral mobility within the

plane of plasma membrane, effectively limiting substrate

accessibility to ADAM17 cleavage.

Over-expressed CD9 has been shown to interact with

pro-HB-EGF, pro-TGF-a, pro-epiregulin, and pro-amphi-

regulin, markedly enhancing the juxtacrine signaling

mediated by these four transmembrane ligands of EGFR

which, in addition, are well-established substrates of

ADAM17 (reviewed in [8, 14]). In fact, CD9 has been

reported to strongly decrease the PMA-induced proteolytic

conversion of transmembrane to soluble TGF-a [48]. The

inhibitory effect of CD9 on ADAM17 activity described

here would explain the important role of this tetraspanin as

an enhancer of EGFR juxtacrine signaling by increasing

the surface levels of these transmembrane ligands. CD9

could also potentially inhibit the reported crosstalk

between GPCRs and EGFR signaling, which requires

release of EGFR ligands by different ADAMs, including

ADAM17, and has been shown to contribute to tumori-

genesis, migration, and invasion in different tumor cell

lines (reviewed in [1, 49]). In this regard, our data would be

consistent with the well-established tumor and metastasis-

suppressor role of CD9 in a variety of carcinoma types

[9, 10, 12, 46].

Arduise et al. [19] elegantly showed that within the

context of TEMs, different tetraspanins associate with

ADAM10/Kuzbanian, which is the member most closely

related to ADAM17 within the ADAM family [1]. Inter-

estingly, they showed that antibody-engagement of specific

tetraspanins, including CD9, CD81, and CD82, stimulates

EGF and TNF-a release through ADAM10, illustrating

another example of functional regulation of ADAM-med-

iated shedding by associated tetraspanins. The current view

on the shedding process maintains that while the consti-

tutive release is mainly mediated by ADAM10, the

inducible one is mostly dependent on ADAM17 [50]. In the

present study, we have addressed the effects of CD9

expression and anti-CD9 mAbs on PMA-stimulated shed-

ding of TNF-a and ICAM-1 and through silencing of

ADAM17 have demonstrated that this stimulated shedding

is mediated by this metalloproteinase. Moreover, neoex-

pression of CD9 and chimeras containing CD9 LEL

inhibited PMA-induced ICAM-1 shedding. This shedding

was measured at 1 h of PMA treatment, which is a hall-

mark for ADAM17 function. However, the work of

Arduise et al. [19] addressed mostly the effects of anti-

tetraspanin antibodies on the constitutive shedding of

TNF-a and EGF, which is mainly mediated by ADAM10.

This stimulation of ADAM10-mediated shedding of TNF-a
caused by anti-tetraspanin antibodies is the opposite to the

inhibitory effect of anti-CD9 mAbs on ADAM17 activity

that we report here. Our data clearly show that the three

anti-CD9 mAbs employed in our study also inhibited the

ADAM17-mediated release of TNF-a from PMA-stimu-

lated Raji/CD9 cells (similarly to their effect on PMA-

stimulated THP-1 cells) but, in contrast, induced the

ADAM10-dependent TNF-a release from resting Raji/CD9

cells, clearly revealing the they exert opposite regulatory

effects, stimulatory versus inhibitory, on ADAM10 and

ADAM17 activities, respectively. Moreover, the regulatory

effects exerted by CD9 on ADAM17 seem to be quite

general and do not appear to be restricted to a particular

cellular system (we have observed these effects with PMA-

THP-1, PMA-Jurkat, and PMA-Raji/CD9 cells) or to a

specific ADAM17 substrate (we have observed the effects

on the processing of TNF-a and ICAM-1). Although both

ADAM10 and ADAM17 share many of their substrates

(including EGF and TNF-a, IL6-receptor, and chemokines

CXCL1 and CXCL16) the mechanisms controlling their

accessibility to, and shedding by, each specific ADAM

might however be completely different.

Another interesting example of ADAM regulation by a

tetraspanin is the interaction of TSPAN12 with ADAM10

[45]. In this case, ADAM10-dependent shedding of amyloid
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precursor protein (APP) is enhanced by TSPAN12 over-

expression, while siRNA ablation of TSPAN12 diminished

APP proteolysis in different tumor cells; this novel mode of

regulating APP cleavage is of obvious relevance to Alz-

heimer’s disease therapy. Finally, functional regulation of

the matrix metalloproteinase MT1-MMP through interac-

tion with tetraspanin CD151 on human endothelial cells

[51] or through interactions with tetraspanins CD9, CD81,

and TSPAN12 on cancer cells [52] has also been described.

Therefore, the role of tetraspanins as key regulators of the

catalytic activity of different transmembrane metallopro-

teinases is emerging as a theme of the utmost physiological

and pathological relevance, considering the variety and

importance of the substrates that are processed by these

enzymes.
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