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Protein ectodomain shedding is a critical regulator of many membrane proteins, including epidermal growth factor
receptor-ligands and tumor necrosis factor (TNF)-«, providing a strong incentive to define the responsible sheddases.
Previous studies identified ADAM17 as principal sheddase for transforming growth factor (TGF)-a and heparin-binding
epidermal growth factor, but Ca** influx activated an additional sheddase for these epidermal growth factor receptor
ligands in Adam17—/— cells. Here, we show that Ca** influx and stimulation of the P2X7R signaling pathway activate
ADAMI10 as sheddase of many ADAM17 substrates in Adam17—/— fibroblasts and primary B cells. Importantly, although
ADAMIO0 can shed all substrates of ADAM17 tested here in Adam17—/— cells, acute treatment of wild-type cells with a
highly selective ADAM17 inhibitor (SP26) showed that ADAM17 is nevertheless the principal sheddase when both
ADAMs 10 and 17 are present. However, chronic treatment of wild-type cells with SP26 promoted processing of ADAM17
substrates by ADAMI10, thus generating conditions such as in Adam17—/— cells. These results have general implications

for understanding the substrate selectivity of two major cellular sheddases, ADAMs 10 and 17.

INTRODUCTION

All ligands of the epidermal growth factor receptor (EGFR)
are made as membrane-anchored precursors, which must be
released from their membrane tether to activate the EGFR in
a paracrine manner (for reviews, see Harris et al., 2003;
Blobel, 2005). The EGFR has critical roles in development
and in diseases such as cancer (Yarden and Sliwkowski,
2001; Gschwind et al., 2004), so it is important to understand
how ligand availability is regulated and which enzymes are
responsible for releasing EGFR ligands under various con-
ditions. Moreover, many other membrane proteins are pro-
teolytically released or shed from cells, including other
growth factors, cytokines, and receptors (Hooper et al.,
1997). Because the sheddases for other membrane proteins
commonly have similar properties as EGFR ligand shed-
dases (e.g., Zheng et al., 2004; Weskamp et al., 2006; Kawagu-
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chi et al., 2007), insight about the identity and properties of
sheddases gained from studying shedding of EGFR ligands
usually has general relevance, because they can provide a
framework for understanding which enzymes are responsi-
ble for shedding of other membrane proteins, and how these
enzymes are regulated.

Two membrane-anchored metalloproteinases, ADAMs 10
and 17, have emerged as key molecules in most of the
shedding events characterized to date (for recent examples,
see Weskamp et al., 2006; Chen et al., 2007; Kawaguchi ef al.,
2007; Li et al., 2007), including in the release of EGFR ligands
(Peschon et al., 1998; Jackson et al., 2003; Hinkle et al., 2004;
Sahin et al., 2004; Horiuchi et al., 2007b; Sahin and Blobel,
2007). Studies on the contribution of these two enzymes to
constitutive and phorbol ester-stimulated EGFR ligand
shedding have revealed a distinct substrate selectivity of
ADAMI10 and ADAM17 and also defined characteristic
properties of these enzymes (Sahin et al., 2004; Horiuchi ef
al., 2007b). “Loss of function” studies with cells lacking
different ADAMs demonstrated that ADAM17 is the princi-
pal constitutive and phorbol ester-stimulated sheddase for
transforming growth factor (TGF)-a, amphiregulin (AR),
epiregulin (EPR), epigen, and heparin-binding epidermal
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growth factor (HB-EGF) (Peschon et al., 1998; Jackson et al.,
2003; Sahin et al., 2004; Sahin and Blobel, 2007). The physi-
ological relevance of this enzyme for activation of these
EGFR ligands during development was corroborated
through studies of mice lacking ADAM17, which resemble
mice lacking TGF-«, HB-EGF, AR, or EGFR (Peschon et al.,
1998; Jackson et al., 2003; Sternlicht et al., 2005). ADAM10, in
contrast, is responsible for the constitutive shedding of EGF
and betacellulin (BTC), and its activity toward these sub-
strates is not strongly enhanced by stimulation with phorbol
12-myristate 13-acetate (PMA) but instead can be stimulated
by calcium influx (Sahin et al., 2004; Horiuchi ef al., 2007b).
Mice lacking ADAMI10 die very early during embryogene-
sis, most likely due to defects in Notch signaling (Hartmann
et al., 2002), so the contribution of ADAM10 to EGF and BTC
signaling in development and adult animals remains to be
determined. Nevertheless, inhibitors that are highly selec-
tive for ADAM10 over ADAM17 also block shedding of EGF
in cell-based assays (Zhou et al., 2006), further supporting
the notion that ADAMI0 is critical for this process. Evalu-
ating the role of these ADAMs in EGFR ligand shedding has
thus provided insight into their regulation and defined char-
acteristic properties of these major sheddases.

In light of previous loss of function studies, which dem-
onstrated that ADAM17 is required for the constitutive and
PMA stimulated shedding of TGF-«, AR, EPR and HB-EGF
(Peschon et al., 1998; Jackson et al., 2003; Sahin et al., 2004), it
was unexpected to find an activity in Adam17—/— cells,
which was able to efficiently process these four EGFR-li-
gands upon stimulation with the calcium ionophore iono-
mycin (IM) (Horiuchi et al., 2007b). The critical role of shed-
ding for activating EGFR-ligands prompted us to define the
IM-stimulated sheddase for these proteins in Adam17—/—
cells. Using several different activators and inhibitors of
ectodomain shedding, we identified ADAMIO0 as the en-
zyme that can shed many substrates of ADAMI17 in
Adam17—/— cells. This observation raised the critical ques-
tion about the physiological relevance of these two ADAMs
in shedding various substrates in cells expressing both
ADAMI10 and 17. We therefore addressed whether both
enzymes have largely equivalent or redundant functions, or
whether one is the principal sheddase for substrates that
can, in principle, be cleaved by both enzymes. Finally, we
were interested in learning about the implications of our
results for the development of ADAM17-selective pharma-
cological inhibitors, and whether ADAM10 can process sub-
strates of ADAM17 in the presence of such inhibitors.

MATERIALS AND METHODS
Cell Lines and Reagents

Adam17—/— and Adam10—/— mouse embryonic fibroblasts (mEFs) were from
embryonic day (E)13.5 and E9.5 embryos, respectively (Reddy et al., 2000;
Hartmann et al., 2002). Adam10/17—/— mEFs were from Reiss and Saftig
(unpublished data), and A431 and Chinese hamster ovary (CHO) cells were
from American Type Culture Collection (Manassas, VA). CHO cells were
grown in DMEM/F-12; all other cell lines were grown in DMEM, with
antibiotics and 5% fetal calf serum (FCS), or with 10% FCS plus high glucose
for A431 cells. All reagents were from Sigma-Aldrich unless otherwise indi-
cated. JTonomycin was from Calbiochem (San Diego, CA). The hydroxamate
inhibitor GI254023X (GI; 10-fold selective for ADAM10 over ADAM17; Hun-
dhausen et al., 2003; Weskamp et al., 2006) was from David Becherer (Glaxo-
SmithKline, Research Triangle Park, NC), and marimastat was from Ouathek
Ouerfelli (Sloan-Kettering Institute, New York, NY). The ADAM17-selective
inhibitor SP26 (Mazzola et al., 2008) was from Schering Plough (Kenilworth,
NJ). Anti-Phospho-extracellular signal-regulated kinase (ERK) were from Cell
Signaling Technology (Beverly, MA), anti-ERK2 antibodies were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA), and anti-human CD23 (30X) was
described previously (Weskamp et al., 2006). Tissue inhibitors of metallopro-
teinases (TIMP)-1 and TIMP-2 were from Dr. G. Murphy (University of
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Cambridge, Cambridge, United Kingdom), Calbiochem, or R&D Systems
(Minneapolis, MN). TIMP-3 was from Dr. R. Black (Amgen, Seattle, WA).
Antibodies for flow cytometry were from BD Biosciences Pharmingen, (San
Diego, CA).

Expression Vectors

The expression vectors for ADAMs 10 and 17, for alkaline phosphatase
(AP)-tagged proteins, and for human CD23 have been described previously
(Sahin et al., 2004; Weskamp et al., 2006; Horiuchi et al., 2007b). The human
P2X7R ¢DNA (ATCC no. 10658792) was subcloned into pcDNA3.1-Zeo+
(Invitrogen, Carlsbad, CA). The pEF expression plasmid for dominant-nega-
tive (DN) ADAM10 lacking its metalloprotease domain consists of the leader
sequence and part of the prodomain linked to the disintegrin, transmem-
brane, and cytoplasmic domains, as described previously (Pan and Rubin,
1997). An inactive ADAM9E>A was used as control for ADAM10-DN exper-
iments. For expression of short hairpin RNA (shRNA), the mouse ADAM10
sequence (5'-GACAGUUCAACCUACGAAU-3') followed by a nine nucleo-
tide noncomplementary spacer (TCTCTTGAA) and the reverse complement
sequence were inserted into the pSUPER vector (provided by Dr. T. Brum-
melkamp, Whitehead Institute, Cambridge, MA) after digestion with BglII
and HindIII.

Cell Culture, Transfection, and Ectodomain Shedding
Assays

Fibroblasts were transiently transfected with Lipofectamine 2000 and CHO
cells with Lipofectamine and the indicated plasmids as described previously
(Sahin et al., 2004; Zheng et al., 2004). Shedding assays were performed the day
after transfection, except for shRNA and ADAM10-DN experiments, which
were done 3 d after transfection. Chronic inactivation with 3 uM SP26 was for
2 d, with one change of medium, followed by a typical shedding experiment.
For individual shedding experiments, cells were washed with DMEM, which
was replaced after 1 h by fresh DMEM with or without activators or inhibitors
of shedding, and then cells were incubated for 30 min to 4 h as indicated
previously (Sahin et al., 2004). AP activity in the supernatant and cell lysates
was measured by colorimetry (Sahin et al., 2004; Zheng et al., 2004). The ratio
between the AP activity in the supernatant and the total AP activity in the cell
lysate plus supernatant was calculated from two identically prepared wells,
and averaged. The ratio reflects the activity of a given sheddase toward a
given AP-tagged protein. CD23 shedding assays were performed in Opti-
MEM, and the same wells were used to collect supernatants after 1 h of
constitutive shedding and 1 h of stimulated shedding, as described previously
(Weskamp ef al., 2006).

Generation of CD197'* Adam17/"0*/flox,
Mmp7—/—Adam17—/— Mice and mEF Cells

Cd19(Cre/Cre) mice (C.Cg-Cd19tmicre)Cen ’g”h/ J, The Jackson Laboratory, Bar
Harbor, ME) were crossed with Adam17°¥/10x mice (Horiuchi et al., 2007a) to
generate Cd19°7/* Adam17/0¥/l°* mice. These were crossed with Adam17/l0x/flox
mice to produce littermates that were Adam17/°*/°x and either wild-type or
Cd19¢re/+ at the Cd19 locus.

Mmp7—/— mice (B6.129-Mmp7'm1Lmm/]; Jackson labs, Bar Harbor, ME)
were crossed with Adam17+/— mice (Horiuchi et al.,, 2007a) to produce
Mmp7—/— Adam17+/— animals, which were viable and fertile. These were
bred to obtain Mmp7—/—Adam17—/— double knock-out mice, which were
born with the expected Mendelian ratio (Mmp7—/—Adam17—/—: 23.3%;
Mmp7—/— Adam17+/—: 50.0%; Mmp7—/—Adam17+/+: 26.7%; n = 30).
E13.5 mEFs were prepared as described previously (Sahin ef al., 2004). All
mouse experiments were approved by the Institutional Animal Use and
Care Committee of the Hospital for Special Surgery, New York, NY.

Shedding of CD23 and L-Selectin from Adam17+/+ or
Adam17—/— B Cells

CD197/+ Adam17/°¥/l°x mice (see above) were used to generate Adam17—/—
B cells as follows. Spleen cell suspensions prepared from 4- to 5-mo-old mice
were subjected to Ficoll-Hypaque density gradient centrifugation to remove
erythrocytes and dead cells. Splenocytes (1 million cells/ml) were incubated
for 40 min in RPMI 1640 medium with the indicated reagents and then
washed in phosphate-buffered saline (PBS) and stained for 30 min on ice first
with a monoclonal antibody to mouse Fcy receptor to avoid nonspecific
antibody binding, and then with phenotype-specific fluorescent antibodies
(anti-CD90.1.2 Allophycocyanine for T cells and anti-B220 fluorescein isothio-
cyanate for B cells), and with phycoerythrin (PE)-conjugated anti-L-Selectin or
anti-CD23. Cytometry was performed with a FACSCalibur (BD Biosciences,
San Jose, CA) and data were analyzed with CellQuest software (BD Bio-
sciences). B220* CD90 ™ cells were considered to represent B cells, and B220~
CD90* cells were considered to represent T cells. The relative amount of
L-Selectin on the surface of the entire B or T cells population was calculated
by multiplying the percentage of L-Selectin® cells (L-Selectin'" to L-Select-
intigh) in B or T cells, with its corresponding mean of fluorescence in the
L-Selectin™ subpopulation. CD23 cell surface levels were calculated similarly,
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targeting ADAM10 or a vector control (H-]), or with dominant-negative ADAMI10 lacking its
catalytic domain (AD10-DN; K-O) or catalytically inactive ADAMO as a control (E/A; K-O), as indicated. After 1-h incubation, shedding was
measured as described in Materials and Methods. Black columns, constitutive shedding; and gray columns, stimulation with 2.5 uM IM or 25
ng/ml PMA, as indicated.

but because its expression level varied greatly from one mouse to another, ing depends on ADAM17 (amphiregulin, epiregulin, and
dat_a were further n_ormalized to the untreated control to allow comparisons HB-EGF; Sahin et al./ 2004), neuregulin 1 Bl and 1 Bz (Horiu_
of individual experiments. chi et al., 2005), intercellular adhesion molecule (ICAM)

(Tsakadze et al., 2006), and L-Selectin (Li et al., 2006) were

RESULTS shed from Adaml17—/— cells after IM stimulation, and the
. . : i in shedding of these substrates could also be

Sensitivity of the Calcium Influx-stimulated Sheddase for merease mn s & ;

TGF-a in Adam17—/— Cells to Metalloproteinase blocked by 0.2 uM GI (Supplemental Figure 1).

Inhibitors

To characterize the ionomycin (IM)-stimulated sheddase for Calcium-stimulated TGF-a Shedding in Adam17—/ - Cells
TGF-a in Adam17—/— cells, we compared its response to  Is Blocked by ADAM10-shRNA or Dominant-Negative
hydroxamate-type metalloproteinase inhibitors to that of ~ ADAMI0
ADAMs 10 and 17. As a selective assay for ADAMI0, we To further assess whether the IM-stimulated sheddase of
used constitutive and IM-stimulated shedding of BTC, TGF-a in Adaml17—/— cells could be ADAMI10, we coex-
because this is abolished in Adaml10—/— cells and can be  pressed single-hairpin RNA against mouse-ADAMI10
rescued by transfection with ADAMI10 (Sahin ef al., 2004; (AD10-shRNA) with TGF-«, HB-EGF, or BTC in Adam17—/—
Horiuchi et al., 2007b). Moreover, constitutive and PMA- cells. This resulted in a robust decrease (40-60%) in the
stimulated shedding of TGF-a served as selective readout = IM-stimulated shedding of these substrates compared with a
for ADAM17, because both activities are strongly reduced in vector control (Figure 1, H-J]). In addition, we found that a
Adam17—/— cells and can be rescued by reintroduction of =~ dominant-negative ADAM10 (AD10-DN) lacking its metal-
ADAM17 (Sahin ef al., 2004; Horiuchi et al., 2007b). loproteinase domain inhibited IM-stimulated shedding of
In Adam17—/— cells, IM-stimulated shedding of TGF-« TGF-a, TNF-a, and BTC in Adam17—/— mEF cells compared
was sensitive to the ADAMI10-selective inhibitor GI at a with mock-transfected control cells (data not shown) or
concentration that blocks ADAMI10 but not ADAM17 (0.2  compared with control cells coexpressing an inactive ADAM
uM; Figure 1A) (Weskamp et al., 2006). Moreover, IM-stim- (ADAM9E/A mutant, E/A; Figure 1, K-M). When
ulated shedding of TNF-« (Figure 1B) and of the ADAM10- ADAM10-DN was expressed in Adam10—/— cells as a con-
substrate BTC (Figure 1C) in Adam17—/— cells was sensitive trol for nonspecific effects, it did not affect the constitutive,
to 0.2 uM GI. In parallel experiments with Adam10—/— cells, PMA-stimulated or IM-stimulated shedding of TGF-« (Fig-
PMA and IM-stimulated shedding of TGF-« (Figure 1, D and ure 1, N and O), which depend on ADAM17 (see below and
E) and TNF-« (Figure 1, F and G) were not inhibited by 1 uM Figures 2, A-C, G, and H, and 3 B, D, and F).

GI, consistent with ADAM17 functioning as major sheddase Previous studies have shown that ADAM17 is the princi-
for these substrates. Finally, we found that several other pal constitutive sheddase of TGF-a, HB-EGF, AR, and EPR
substrates, whose constitutive and PMA-dependent process- in primary mouse embryonic fibroblasts (Sahin et al., 2004).
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AD10

indicated. The effect of cotransfected ADAMSs on constitutive EGFR-ligand-shedding was determined after 4 h of incubation as described in

Materials and Methods.

To determine whether ADAM10 also contributes to consti-
tutive shedding of these molecules, we tested how
ADAM10-DN affected TGF-a shedding in unstimulated
cells. ADAMI10-DN inhibited the constitutive shedding of
TGF-a in Adam17—/— cells (Figure 2B), but not in wild-type
(wt) controls (Figure 2A) or in Adam10—/— cells (Figure 2C),
which both express ADAM17. Conversely, constitutive BTC
shedding was decreased when ADAMI10-DN was coex-
pressed in wt cells (Figure 2D) and Adam17—/— mEF cells
(Figure 2E), thus in cells expressing ADAMI10, whereas
ADAM10-DN did not affect the residual BTC shedding seen
in Adam10—/— cells (Figure 2F). In rescue experiments, ex-
pression of ADAM17 in Adam17—/— cells increased consti-
tutive TGF-a shedding (Figure 2G), whereas expression of
ADAMI10 in Adam10—/— cells did not (Figure 2H), consis-
tent with a dominant role of ADAM17 in TGF-a constitutive
shedding. In similar rescue experiments with BTC, constitutive
shedding could be increased by transfecting Adam10—/—
cells with ADAM10 (Figure 2J) but not by expressing ADAM17
in Adam17—/— cells (Figure 2I).

To further explore the requirement for ADAMs 10 and 17
for constitutive shedding, we used Adam10/17—/— double-
deficient cells (Reiss and Saftig, unpublished data). Intro-
ducing ADAMI10 into Adam10/17—/— cells restored consti-
tutive BTC shedding, whereas ADAM17 did not (Figure 3A).
In contrast, expression of either ADAMI10 or 17 increased
constitutive shedding of TGF-a and L-Selectin, with higher
levels of both shed proteins observed in the presence of
ADAM17 (Figure 3, B and C). With respect to stimulated
shedding, PMA-dependent release of TGF-a (Figure 3D) and
L-Selectin (data not shown) in Adam10/17—/— cells was only
rescued by ADAM17 but not ADAM10. Shedding of BTC
was not sensitive to PMA stimulation, regardless of
whether ADAM10 or ADAM17 were coexpressed (Figure
3E). Finally, IM stimulation of Adam10/17—/— cells res-
cued with ADAMI0 strongly enhanced shedding of
TGF-a (Figure 3F), L-Selectin (data not shown) and of BTC
(Figure 3G), demonstrating that ADAM10 can shed TGF-«a
in the absence of ADAM17. In contrast, IM stimulation of
Adam10/17—/— cells expressing ADAM17 strongly in-
creased shedding of TGF-a (Figure 3F) and L-Selectin
(data not shown) but not of BTC (Figure 3G), corroborat-
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ing that calcium influx also activates ADAMI17. In
Adam10/17—/— cells, ADAM10 rescued the IM-stimulated
shedding of other proteins whose principal PMA-stimu-
lated sheddase is ADAM17 (TNF-a, ICAM, and L-Selec-
tin; Figure 3, H-J; HB-EGF, data not shown). Together,
these experiments confirm that IM-stimulated shedding of
TGF-a and several other proteins is mediated by ADAM10
when ADAMI17 is absent.

Stimulation of ADAM10-dependent Shedding by a
Physiologically Relevant Signaling Pathway

The stimuli described above, IM and PMA, are useful to
define the characteristic properties (“fingerprint”) of pro-
tease activities in cell-based assays (Overall and Blobel,
2007), but they are not physiological stimuli. We therefore
tested whether a ligand-activated receptor-signaling path-
way can also stimulate ADAM10 to serve as an alternative
protease for ADAMI17 substrates. Previous studies
showed that shedding of CD23, a substrate for ADAM10
(Weskamp et al., 2006), is stimulated by activation of the
P2X7 receptor in B cells (Gu et al., 1998). CHO cells ex-
press endogenous P2X7R (Michel et al., 1998), whereas
mEF cells do not respond to activators of this receptor
(Figures 4, D-F, and 5, A-E). Shedding of CD23 from CHO
cells was stimulated by IM or dibenzoyl ATP (BzATP)
(Michel et al., 1998), an agonist of P2X7R but not by the
ADAM17 activator PMA. Moreover, the BzATP-stimu-
lated CD23 shedding was sensitive to 0.75 uM GI, consis-
tent with an ADAM10-mediated processing (Figure 4A).
Similarly, BTC shedding from CHO cells was also stimu-
lated by BzATP and was sensitive to 0.75 uM GI and to
marimastat (Figure 4B) and to coexpression of
ADAM10-DN (Figure 4C). When P2X7R was coexpressed
with BTC in Adaml7—/— cells, addition of BzATP en-
hanced BTC shedding, and this was sensitive to 0.75 uM
GI (Figure 4D). When these experiments were repeated in
Adam10—/— cells (Figure 4E) and Adam10/17—/— cells
(Figure 4F), no stimulation of BTC shedding by BzATP
was observed, strongly suggesting that ADAMIO is re-
sponsible for this P2X7R-stimulated shedding.

When the ADAM17-substrates ICAM or TNF-a were trans-
fected together with P2X7R in mEF cells, BZATP stimulated
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stimulation with PMA (D and E) or IM (F-J) was - 5W =g <,
assessed after 30 min of incubation, as described in
Materials and Methods. Black columns, constitutive 0 0 0
shedding; and gray columns, stimulation with 2.5 uM L. M Ctd. M Ctrl. IM Ctrl. IM Cirl. IM Ctrl._IM
IM or 25 ng/ml PMA, as indicated. E/A AD10 E/A AD10 E/A AD10

their shedding from both Adam17—/— (Figure 5, A and D) and
Adam10—/— cells (Figure 5, B and E). The BzATP-stimulated
shedding was sensitive to 0.75 uM GI in Adam17—/— cells,
which express endogenous ADAMIO0, but not in Adam10—/—
cells, which express endogenous ADAM17. The BzZATP-stim-
ulation did not increase ICAM shedding in Adam10/17—/—
double-knockout cells (Figure 5C). These results are similar to
those obtained with IM stimulation (Figure 3) and are consis-
tent with a P2X7R stimulated processing of the substrates by
both ADAM10 and ADAM17, in Adam17—/— and Adam10—/—
cells, respectively. However, in CHO cells, which express
P2X7R and both proteases, the ADAM10 inhibitor GI did not
detectably affect shedding of TGF-a, TNF-a, or ICAM when
stimulated with BzATP (Figure 5, F-H), corroborating that a
contribution of ADAM10 to the shedding of these substrates is
most evident in the absence of ADAM17.

ATP and Calcium-stimulated Shedding of the
ADAM17-Substrate L-Selectin from Primary
Adam17—/— B Cells

To assess whether activators of ADAMI10 can lead to the
release of endogenous substrates of ADAM17 from primary

Vol. 20, March 15, 2009

cells ex vivo, we analyzed shedding of L-Selectin (Li et al.,
2006) from ADAMI17-deficient B cells that were stimulated
with ionomycin or by activation of the P2X7R. For this
purpose, we generated mice that carried a floxed Adam17
and expressed the B cell specific CD19-Cre to obtain animals
that lack ADAM17 in B cells (CD19°"/* Adam17°x/lox mice;
see Materials and Methods for details). FACS analysis was
used to evaluate the expression of L-Selectin on the surface
of T cells or B cells from CD19%/*Adam17/°*f°* controls
(Figure 6, A and B) or from CD19°"/* Adam17/1~/f1ox mice
(Figure 6, A and D). The level of cell surface L-Selectin as
determined by the total fluorescence dramatically increased
in the B cells from CD19<* Adam17/°*/* mice compared
with the controls CD19*/* Adam17/°*/flx (Figure 6, B and D),
in agreement with the deletion of ADAMI17 by the Cre-
recombinase, and as reported for Adam174Zn/*Zn-chimeric
mice (Li ef al., 2006). After treatment with PMA, IM, or ATP,
we observed an almost complete decrease in L-Selectin on
the surface of T cells from CD19%/* Adam17/°*/f1ox mice and
from CD19¢"/* Adam177~/fox mice (Figure 6, A and C). This
decrease was not seen in B cells from CD19</* Adam17/ox/flox
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with the ADAMI10 substrate CD23, or left
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IM (2.5 uM), PMA (25 ng/ml), or BZATP
(300 uM). Constitutive shedding (Ctrl.)
was for 1 h, followed by 1 h stimulated
shedding in the presence or absence of the
ADAMIO0 inhibitor GI (1 uM). Shedding of
CD23 was assessed by Western blot as described previously (Weskamp et al., 2006). (B and C) Requirement for ADAMI0 in the
P2X7R-mediated shedding of BTC in CHO. BTC was transiently transfected into CHO cells alone (B), or together with either ADAM9E/A
(E/A) or dominant-negative ADAM10 (AD10-DN) (C). Shedding was assessed after 30 min in the presence or absence of the P2X7R agonist
BzATP (B and C) with or without GI or marimastat (MM) (B). (D-F) The BzATP-stimulated shedding of BTC was investigated in Adam—/—
mEF cells cotransfected with human P2X7R to corroborate that it depends on ADAM10. Adam17—/— cells (D), Adam10—/— cells (E), and
Adam10/17—/— cells (F) were cotransfected with BTC and either ADAMO9E/A (E/A) or P2X7R (D-F). Shedding was monitored for 30 min in
the presence or absence of the P2X7R agonist BZATP, with or without GI, as described in Materials and Methods (D and E). Black columns,

constitutive shedding; gray columns, stimulation with 300 uM BzATP; and white columns, inhibition with 1 uM GI or 3 uM MM.
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mice that were stimulated with PMA, but a partial reduction in
L-Selectin was achieved after treatment with IM or ATP (Fig-
ure 6D). Moreover, a partial shedding of CD23 from B cells
isolated from CD19%/* Adam17/o*/ox (Figure 6E) and CD19<"¢/*
Adam17fex/flox mice (Figure 6F) was detected upon treat-
ment with IM or ATP, but not with PMA, so this was not
affected by the presence of CD19-Cre. These results cor-

ADAM17 can completely deplete the cell surface L-Selec-
tin pool, depending on the activating signal, which might
be a prerequisite for an adequate immune response.

Selective Inhibitors for ADAM17 Demonstrate That the
Ability of ADAM10 to Compensate for ADAM17 Develops
over Time

roborate that ADAM10 can be activated by IM and ATP in
B cells, just as in mEFs. Moreover, they suggest that only

ADAMI10 can effic

The results presented above, which demonstrate that

iently process many ADAM17 substrates

ICAM TNFa
A Adamizscels Adam10-/- cells C  Adamio/17+cels D Adam17-/- cells E Adam10-/- cells
20 20 15 15
Z15 § Z15 o -
= g 5 g 10 £10
S0 S0 S10 3 3
s <5 <5 S s
0 0 0 I il I
W o 01;1 ZA_:: S BATP Om. CtBrIzAT(:’I S _E=AT0 Si._BzATR Ctil. BzATP  Ctrl. Cirl._Gl Ctrl. BzZATP  Ctrl. Cti. Gl
e E/A P2X7R = e e e
Pax7R P2XTR P2X7R P2X7TR
CHO cells Figure 5. BzATP/P2X7R stimulates both
Fo, Tora G, ™« Hzo, icam ADAMI10 and ADAM17 as sheddases of
proteins that require ADAMI17 as their ma-
z ® z 1’ Z 20 jor constitutive and PMA stimulated shed-
B 10 B 10 B dase (A-E). Adam17—/— cells (A and D),
g s & % 10 Adam10—/— cells (B and E), and Adam10/
17—/= cells (C) were transiently cotrans-
0 0 fected with ICAM (A-C) or TNF-« (D and
cr. or. Gl i o Gl Gl MM E) together with either ADAM9E/A (E/A)
BzATP BzATP BzATP

or P2X7R. Shedding was assessed for 30
min in the presence or absence of the

P2X7R agonist BZATP, with or without GI (A, B, D, and E). (F-H) P2X7R stimulation of TGF-« (F), TNF-a (G), and ICAM (H) in CHO cells
in the presence or absence of GI or marimastat (MM) (F-H). The AP activity was determined after 30 min of incubation as described in
Materials and Methods. Black columns, constitutive shedding; gray columns, stimulation with 300 uM BzATP; and white columns, inhibition
with 1 uM GI or 3 uM MM.
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ADAMIO0 in B cells from CD19"/* Adam17/oxex
(E) or CD19"/* Adam17/°*f1* mice (F). Black
columns, control; and gray columns, cells
stimulated with 25 ng/ml PMA, 0.5 uM IM, or
5 mM ATP as indicated. Data represent the
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when ADAM17 is inactive, raised important questions about
the relative contribution of ADAMI10 to shedding of
ADAM17 substrates in wild-type cells. To address this ques-
tion, we analyzed shedding from wild-type cells treated
with a highly selective inhibitor of ADAM17. When wt mEFs
expressing TGF-a or L-Selectin were stimulated with PMA
or IM, we found complete inhibition of the PMA- and IM-
stimulated shedding by the highly ADAM17-selective inhib-
itor SP26 (Mazzola et al., 2008), whereas the ADAM10-selec-
tive GI had no detectable effect (Figure 7, A-D, see
Supplemental Figure 2 for controls regarding the selectivity
of these inhibitors toward ADAM10 and -17). Identical ex-
periments performed with BTC confirmed that GI com-
pletely blocked IM-stimulated shedding of this ADAM10
substrate, whereas SP26 did not (Figure 7E). Similar profiles
of inhibition were obtained for TGF-a when we repeated
these experiments in CHO cells (Supplemental Figure 2).
Together with our previous results (see above and Figures 2,
A-C, G, and H; 5, F-H, and 6, B and D), these data demon-
strate that ADAM10 does not significantly contribute to the
shedding of substrates of ADAM17 when both ADAM10
and -17 are present, even though ADAMI0 can efficiently
shed ADAM17 substrates in Adaml7—/— cells. Thus,
ADAM17 is indeed the principal sheddase for ADAM17
substrates such as TGF-a, L-Selectin, or TNF-«, and
ADAMIO only cleaves these substrates when ADAM17 is
inactivated.

Vol. 20, March 15, 2009
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These findings raised questions about whether chronic treat-
ment with selective inhibitors of ADAM17, which are being
developed for treatment of cancer and rheumatoid arthritis,
could generate conditions that mimic those in Adam17—/—
mice. To directly address the possibility of compensatory
changes in the cellular shedding mechanism, we performed
essentially identical shedding experiments after a chronic in-
cubation of wt mEF cells with SP26 for 2 d. Unlike the
results shown in Figure 7, B and D, in which SP26 was
used for acute inhibition, IM could stimulate shedding of
TGF-a and L-Selectin despite the presence of SP26 after
chronic treatment with this inhibitor, and the responsible
sheddase was completely blocked by GI, consistent with a
role for ADAMIO0 in this process (Figure 7, F and G; BTC
shedding is shown as a control for ADAMI10 activity
under these conditions in Figure 7H, dimethyl sulfoxide
as a control had no effect; data not shown). Evidently,
ADAMI10 does not make a detectable contribution to the
shedding of ADAM17 substrates in wild-type cells treated
with an ADAM17-selective inhibitor for 30 min to 2 h, but
after prolonged treatment with this inhibitor, the contri-
bution of ADAMI10 to shedding of ADAM17 substrates is
similar to what is seen in Adam17—/— cells. These exper-
iments demonstrate that chronic inhibition of ADAM17
creates conditions under which ADAMI10 can make a
significant contribution to the IM-stimulated shedding of
ADAM17 substrates in wt cells.

PMA IM ATP
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effect. (F-H) Pretreatment of wild-type mEF cells transfected with BTC (F), TGF-« (G), or L-Selectin (H) with SP26 (3 uM) for 2 d was followed
by shedding experiments with 0.3 uM SP26. Prolonged treatment of wild-type mEFs transfected with TGF-a changed the response of these
cells to IM, in that IM-stimulated ADAM10-dependent shedding was observed after chronic (2 d) but not acute inhibition (30 min; see above)
of ADAM17. The ratio of AP activity was determined after 30 min of incubation as described in Materials and Methods. Black columns,
constitutive shedding; gray columns, stimulation with 25 ng/ml PMA or 2.5 uM IM; and white columns, inhibition with 0.2 uM GI or 0.3

M SP26.

DISCUSSION

Ectodomain shedding is critical for regulating the function
of membrane proteins such as TNF-a and EGFR ligands.
Because dysregulation of EGFR signaling occurs in diseases
such as cancer, and TNF-« is a causative factor in rheuma-
toid arthritis, it is important to understand the underlying
proteolytic machinery. Here, we used the ectodomain shed-
ding of TNF-a, TGF-a, and other membrane proteins such as
L-Selectin to identify ADAMI0 as a sheddase that can, in
principle, release these proteins almost as efficiently as their
primary sheddase, ADAM17, but only in Adam17—/— cells
stimulated with ionomycin. Nevertheless, despite the ability
of ADAMIO to efficiently shed many substrates of ADAM17
in Adam17—/— cells, ADAM17 nevertheless clearly emerged
as the functionally dominant enzyme, or “principal shed-
dase” for these substrates when both enzymes were present.

An important criterion for identifying ADAMI0 as an
efficient sheddase of ADAM17-substrates in Adam17—/—
cells was its “fingerprint,” defined as its characteristic re-
sponse to activators and inhibitors of ectodomain shedding
(Overall and Blobel, 2007). ADAM10 emerged as the rele-
vant IM-stimulated sheddase for TGF-a and other mem-
brane proteins in Adam17—/— cells by all criteria we could
apply, including its response to an ADAM10-selective met-
alloprotease inhibitor (GI), ADAM10-shRNA, and domi-
nant-negative ADAMI10. In Adam10/17—/— double knockout
cells, IM-stimulated shedding of TGF-a could be rescued by
both ADAM10 and ADAM17, demonstrating that calcium
influx activates both ADAMs. However, PMA-dependent
shedding of TGF-a could only be rescued by ADAM17,
corroborating that only ADAM17 responds to short-term
stimulation with PMA. Interestingly, IM-stimulated
ADAMIO0 is sensitive to low nanomolar concentrations of
TIMPs 1, 2, and 3 in cell-based assays, whereas purified
soluble ADAM10 is inhibited by TIMPs 1 and 3, but not
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TIMP2, in vitro (Amour et al., 2000) (Supplemental Figure 3).
Evidently, ADAMI10 has a different inhibitor profile in cell-
based assays compared with biochemical assays. Because
MMP?7 is a known sheddase of TNF-« and other membrane
proteins (Powell et al., 1999; Haro et al., 2000; Li et al., 2002;
Lynch ef al., 2005), we also ruled out its involvement in
IM-stimulated shedding by using Mmp7—/—/Adam17—/—
double-knockout cells (Supplemental Figure 4). Moreover,
following up on a previous report of an aminophenylmer-
curic acetate (APMA)-activated TGF-a sheddase in CHO
cells lacking functional ADAM17 (Merlos-Suarez et al.,
2001), we showed that ADAM10-dependent TGF-a shed-
ding can be activated by APMA in Adam17—/— cells (Sup-
plemental Figure 5). Finally, we confirmed that TGF-o released
by ADAMIO0 retains its biological activity (Supplemental
Figure 6).

The stimuli described above, such as PMA, IM, and
APMA, are pleiotropic and not physiological, so we also
evaluated shedding activated by the P2X7 nucleotide recep-
tor, which is involved in many physiological aspects of the
immune response (Chen and Brosnan, 2006; Moore and
MacKenzie, 2007). Experiments in Adam—/— mEFs as well as
ADAM17-deficient primary B cells clearly established that
both ADAMs 10 and 17 can be stimulated by the P2X7R in
adherent fibroblasts and nonadherent primary B cells. More-
over, ADAMI10 stimulated via P2X7R was able to shed sub-
strates such as TNF-«a, ICAM, and L-Selectin. Nevertheless,
selective ADAM inhibitors confirmed that ADAM17 is the
major sheddase for TNF-«, TGF-«a, HB-EGF, and ICAM in
P2X7R-stimulated CHO cells, where both ADAMs 10 and 17
are present. So, the ability of ADAM10 to shed substrates
such as TNF-a or TGF-a after activation of P2X7R is also
only evident in the absence of ADAM17.

Interestingly, acute inhibition of ADAMI17 with an
ADAM17-selective inhibitor blocked stimulated shedding of
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ADAM17 substrates from wt mEFs or CHO cells, whereas
chronic inhibition of ADAM17 generated conditions that
mimicked those in Adam17—/— cells, i.e., ADAM10 could
take over shedding of ADAM17 substrates. These observa-
tions could be relevant for chronic and specific inhibition of
ADAM17 in patients. A compensatory up-regulation of
ADAMI0 activity during chronic treatment with SP26 is
unlikely, because there was no detectably increase in shed-
ding of the ADAM10-substrate BTC. Perhaps chronic inac-
tivation of ADAM17 leads to an accumulation of its sub-
strates, which then become more accessible to ADAMI0,
possibly by “spilling over” into a compartment where
ADAMI0 is most active. The results obtained in primary B
cells with endogenously expressed L-Selectin are consistent
with this interpretation, because higher levels of L-Selectin
are seen in the absence of ADAM17. Moreover, activation of
these cells with IM or ATP does not lead to complete con-
sumption of L-Selectin in Adam17—/— cells, suggesting that
a subpopulation of L-Selectin is not accessible to ADAM10,
even in the absence of ADAM17.

We predict that the results obtained with TGF-a, TNF-q,
and several other membrane proteins (Supplemental Figure
1) are likely representative for many, if not most or all,
proteins whose constitutive and PMA-stimulated shedding
depends on ADAM17. However, although ADAM10 can, in
principle, process substrates of ADAMI17, it nevertheless
normally does not when both enzymes are present, and a
role for ADAMI0 as a secondary sheddase has yet to be
demonstrated in vivo. For example, ADAMI0 cannot effi-
ciently compensate for the loss of ADAM17 with respect to
activating the EGFR during mouse development (Peschon et
al., 1998; Jackson et al., 2003; Sternlicht et al., 2005), or in
terms of generating soluble TNF-a in a mouse model for
endotoxin shock (Bell et al., 2007, Horiuchi et al., 2007a).
Therefore, we predict that ADAM17 will also emerge as the
physiologically or pathologically more relevant sheddase of
other membrane proteins that can be shed by both ADAM10
and 17, such as the amyloid precursor protein (Buxbaum et
al., 1990; Lammich ef al., 1999) and Klotho (Chen ef al., 2007).
In contrast, we found no evidence that ADAMI17 can sub-
stitute as a sheddase for substrates of ADAMI0 in
Adam10—/— cells, at least in the presence of the stimuli used
here. Finally, it should be noted that other ADAMs or non-
ADAM metalloproteinases may also play significant roles as
sheddases in other cell types or under different conditions
than those tested here.

In summary, loss of function studies with cells lacking
ADAMI10 or ADAM17 or both have provided new insight
into the principal components of a general, yet differentially
regulated cellular shedding machinery for TGF-a, HB-EGF,
TNF-«, L-Selectin, and several other membrane proteins.
Because ectodomain shedding is increasingly being recog-
nized as a critical signaling switch that affects the function of
a large number of membrane proteins, these results are
likely to provide a framework for understanding the regu-
lation of processing of other membrane proteins by ADAMs
10 and 17. Based on our findings, we hypothesize that the
substrate repertoire of ADAMI0 can, in principle, overlap
with that of ADAM17 in cells activated with IM, APMA or
via the P2X7R. Nevertheless, identifying ADAMI10 as an
alternative sheddase for ADAMI17 substrates is only rele-
vant in the case of the deletion or the chronic inhibition of
ADAM17, and for stimuli that will normally activate
ADAMI0. Clearly, defining the individual fingerprints of
these two major sheddases under various conditions is a
prerequisite for probing the mechanism underlying their
regulation under specific physiological and pathological
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conditions. Moreover, it will be important to consider the
implications of these results for the use of selective ADAM
inhibitors to treat human diseases.
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