
MOLECULAR AND CELLULAR BIOLOGY, Nov. 2009, p. 5679–5695 Vol. 29, No. 21
0270-7306/09/$12.00 doi:10.1128/MCB.00406-09
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Selective Use of ADAM10 and ADAM17 in Activation of Notch1 Signaling�

Esra Cagavi Bozkulak1 and Gerry Weinmaster1,2,3*
Department of Biological Chemistry, David Geffen School of Medicine,1 Molecular Biology Institute,2 and

Jonsson Comprehensive Cancer Center,3 UCLA, Los Angeles, California 90095

Received 28 March 2009/Returned for modification 2 July 2009/Accepted 11 August 2009

Notch signaling requires a series of proteolytic cleavage events to release the Notch intracellular domain
(NICD) that functions directly in signal transduction. The Notch receptor is locked down in a protease-
resistant state by a negative regulatory region (NRR) that protects an ADAM (a disintegrin and metallopro-
tease) cleavage site. Engagement with ligand-bearing cells induces global conformational movements in Notch
that unfold the NRR structure to expose the ADAM cleavage site and initiate proteolytic activation. Although
both ADAM10 and ADAM17 have been reported to cleave Notch to facilitate NICD release by �-secretase, the
relevant ADAM has remained controversial. Our study provides new insight into this conflict, as we find that
although Notch1 (N1) is a substrate for both ADAM10 and ADAM17, the particular ADAM required for
receptor activation is context dependent. Specifically, ADAM10 was absolutely required for N1 signaling
induced by ligands, while signaling independent of ligands required ADAM17. In contrast to the strict and
differential use of ADAM10 and ADAM17 in normal and dysregulated signaling, respectively, both proteases
participated in signaling intrinsic to N1 mutations associated with leukemia. We propose that in addition to
exposing the ADAM cleavage site, activating N1 conformational changes facilitate selective cleavage by specific
proteases.

Tight control over Notch signaling is critical to normal de-
velopment as both gains and losses in signaling produce devel-
opmental defects (1, 2). Signaling from the Notch receptor is
dependent on, and highly regulated by, three distinct types of
proteases that cleave Notch at defined sites (35). The first
cleavage takes place at a site in the ectodomain (S1) by a
furin-like convertase (28) to generate an intramolecular, het-
erodimeric cell surface receptor that exhibits a protease-resis-
tant conformation in the absence of ligand (10). Interactions
with Notch ligands override the autoinhibitory state to allow
additional proteolysis at a second site (S2) within the Notch
extracellular juxtamembrane region by ADAM proteases. S2
cleavage allows subsequent proteolysis within the membrane-
spanning region at additional sites (S3 and S4) by the aspartyl
protease �-secretase. Completion of this proteolytic cascade
allows Notch intracellular domain (NICD) membrane release
and nuclear translocation resulting in transcriptional complex
formation with the CSL [CBF-1/Su(H)/Lag-1] DNA binding
protein to directly activate target gene expression (2, 35).

Numerous functional studies have identified a negative reg-
ulatory region (NRR) located within the ectodomain that pre-
vents Notch proteolytic activation (13, 20, 25). Recent struc-
tural studies have provided mechanistic insight into how the
Notch NRR conformation contributes to the protease-resis-
tant state and, importantly, how ligands might override this to
activate Notch signaling (10). Specifically, the ADAM cleavage
site is buried deep within the NRR structure, and extensive
noncovalent interactions within the NRR function to stabilize
the heterodimer and occlude the S2 site in the absence of

ligand. Moreover, based on ADAM17 structure data, the S2
site might need to be completely unstructured to gain access to
the metalloprotease catalytic site (32). Thus, it has been sug-
gested that ligand binding must produce substantial movement
within the Notch heterodimer to destabilize the NRR confor-
mation and allow full exposure of the S2 cleavage site (11, 12).
In this regard, studies of flies and mammalian cells have iden-
tified a strict requirement for ligand endocytosis in Notch sig-
naling (23, 39), and we have found that ligand endocytosis is
required to both dissociate the ligand-bound heterodimer and
promote Notch proteolysis for downstream signaling (38). Im-
portantly, our studies indicate that ligand binding alone is not
sufficient to dissociate the Notch1 (N1) heterodimer and acti-
vate signaling. Accordingly, we have proposed that ligand en-
docytosis generates a mechanical force to destabilize the NRR
and completely dissociate the heterodimer, events that would
clearly expose the S2 site and allow ADAM cleavage to initiate
the activation of proteolysis.

Although it is clear that prior S2 cleavage is required for
efficient �-secretase cleavage to generate the active NICD, it is
less clear which ADAM family members actually cleave Notch.
Biochemical studies of flies have indicated that ADAM10 in-
teracts with and cleaves Notch to activate signaling, and ge-
netic manipulations that result in losses in protease activity
lead to developmental defects similar to those described for
defects in Notch signaling (26, 41, 48, 53). Together, these data
provide strong support for the idea that ADAM10 directly
participates in the proteolytic activation of Notch to regulate
signaling. However, genetic studies of Caenorhabditis elegans
have identified functional redundancy for the orthologs of
ADAM10 and ADAM17, SUP-17 and ADM-4, respectively,
for a subset of developmental decisions mediated by the
Notch-related LIN-12 receptor (19). Further complicating
these issues are the in vitro studies of mammalian cells that
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have both identified ADAM17 as the relevant metalloprotease
in S2 cleavage and excluded a role for ADAM10 in this event
(3, 36). However, a role for ADAM17 in the proteolytic acti-
vation of N1 is difficult to reconcile with genetic studies dem-
onstrating that ADAM10 knockout mice display classic Notch
loss-of-function phenotypes (4, 14, 56), while ADAM17 mu-
tant mice clearly do not (42).

Despite a large body of evidence supporting a role for
ADAM10 in Notch cleavage and activation of signaling,
ADAM17 is often considered in the literature as the relevant
ADAM responsible for activating Notch proteolysis. We rea-
soned that this discrepancy is due to the fact that the studies
implicating ADAM17 in S2 cleavage employed forms of N1
that either lacked sequences required to form the NRR or
encoded destabilizing NRR mutations (3, 36), which, based on
structure data, likely expose the S2 site to proteolysis indepen-
dent of ligand. Given the strong dependency on Notch ligands
to expose the S2 site and release autoinhibition, we reevalu-
ated the requirement of these ADAMs in Notch signaling by
using cell coculture assays that rely on direct interactions be-
tween Notch ligands and receptor-expressing cells to activate
N1 proteolysis and downstream signaling. Our findings indi-
cate that N1 proteolytic processing by ADAM10 is strictly
ligand dependent and, importantly, ADAM17 cannot function-
ally replace ADAM10 activity, suggesting an exclusive role for
this protease in ligand-induced signaling. Interestingly, while
ADAM17 cannot activate N1 in response to ligand, it can
nonetheless activate signaling in a ligand-independent manner.

MATERIALS AND METHODS

Mammalian expression constructs. The following cDNA constructs have been
previously described: pBos-N1 (52), pBos-N1�myc (59), pBos-NICD (52),
pBOS-N1CC3SS (34) and pBOS-Dll1HA (14). The following plasmids were
generously provided: wild-type CSL reporter (pGL3P-JH26) from M. Hancock
and A. Orth, pBABE-DNKUZ and pMSCV2.2-DNTACE from E. Robey (31,
41), pcDNA3-ADAM10HA from F. Fahrenholz (22), pcDNA3-ADAM17 from
R. Black (42), and human N1 T-ALL mutants pcDNA3-N1-L1601P, -N1-
L1679P, -N1-V1577E, -N1-L1594P, -N1-R1599P, and -N1-P12 in full-length and
�EGF (where EGF is epidermal growth factor) forms from J. Aster and S.
Blacklow (30).

Cell lines. Parental C2C12 and NIH 3T3 cell lines were obtained from the
American Type Culture Collection and propagated as directed. ADAM10�/�

and ADAM10�/� mouse embryonic fibroblasts (MEFs) were gifts from D. J.
Pan, P. Saftig, and C. Blobel and were cultured in Dulbecco modified Eagle
medium (Invitrogen) containing 10% fetal bovine serum (HyClone).
ADAM17�/� and ADAM17�Zn/�Zn MEFs were gifts from R. Black (Amgen)
and cultured as described previously (47).

Stable L-cell lines expressing Dll1 or J1 have been described previously (15, 27,
38, 59). C2C12, ADAM10�/�, ADAM10�/�, ADAM17�/�, and ADAM17�Zn/�Zn

(described below) MEFs stably expressing N1 in which C-terminal sequences
were replaced with six myc epitope tags (N1�myc) were generated by cotrans-
fection with pBos-N1�myc and an expression vector for either the puromycin or
neomycin resistance gene by the use of the Lipofectamine reagent (Invitrogen)
according to the manufacturer’s specifications, followed by selection with either
1 �g/ml puromycin (Sigma) or 0.2 �g/ml G418 (Sigma).

Stable ADAM10�/� and ADAM10�/� MEFs expressing the hemagglutinin
(HA)-tagged form of the Notch ligand Delta-like 1 (Dll1HA) were generated by
cotransfection with pBos-Dll1HA and an expression vector for the neomycin
fresistance gene by the use of the Lipofectamine reagent (Invitrogen), followed
by selection with 0.2 �g/ml G418 (Sigma).

CSL reporter assays. NIH 3T3 cells and MEFs grown in 12-well tissue culture
plates were transfected with a total of 1 �g DNA using 3 �l Lipofectamine
reagent (Invitrogen) in serum-free media according to the manufacturer’s pro-
tocol. The transfection mixture included 0.05 �g of full-length or mutated N1,
0.125 �g of the Notch-dependent CSL reporter containing eight CSL binding
sites upstream of the luciferase gene (pGL3JH26), and also, to control for

transfection efficiency, 0.0025 �g of Renilla luciferase reporter (pRLCMV; Pro-
mega). As indicated, pBABE-DNKUZ, pcDNA3-ADAM10HA, pcDNA3-
ADAM17, and control vectors (0.1 �g) were also included in the transfection
mixture. At 5 h posttransfection, cells were cocultured with either Dll1- or
J1-expressing L-cell lines or the parental L cells as previously described (21, 38,
59). The metalloprotease inhibitor BB94 (10 �M; British Biotech), �-secretase
inhibitor DAPT (N-S-phenyl-glycine-t-butyl ester; 25 �M; Calbiochem) or vehi-
cle dimethyl sulfoxide (DMSO; Sigma) was included at the time of coculture.
Lysates were collected 16 to 24 h posttransfection and assayed for luciferase
activity by using the dual-luciferase assay kit (Promega) using a Turner Designs
luminometer (TD-20/20) following the manufacturer’s instructions. Experiments
were performed in triplicate, and luciferase values were normalized to transfec-
tion control Renilla values and expressed as relative luciferase units (RLU).

Proteolytic cleavage of Notch. Detection of ligand-induced proteolytic cleav-
age of ectopic N1�myc or endogenous full-length N1 was carried out as previ-
ously described (59). Briefly, N1�myc-expressing cells were cocultured with
Dll1-expressing or parental L cells for 5 h in the absence or presence of the
proteasome inhibitor MG132 (N-CBZ-Leu-Leu-Leu-AL; 10 �M; Sigma Al-
drich), the metalloprotease inhibitor BB94 (10 �M; British Biotech), the �-secre-
tase inhibitor DAPT (25 �M; Calbiochem), or the vehicle DMSO (Sigma).
Cocultures were lysed in Triton X buffer (50 mM HEPES [pH 7.5], 150 mM
NaCl, 1.5 mM MgCl2, 1 mM EDTA, 10% glycerol, and 1% Triton X-100
supplemented with 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin,
and 10 mg/ml aprotinin and phosphatase inhibitors). Equal amounts of cellular
protein were immunoprecipitated with anti-myc antibody (9E10, 1:100; Santa
Cruz), and immune complexes were collected on protein A-agarose beads (20
�l/lysate; Roche) prebound with rabbit anti-mouse antiserum. Beads were
washed three times in lysis buffer, and eluted protein was analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immuno-
blotting with anti-myc antibody (9E10; 1:500; Santa Cruz) followed by horserad-
ish peroxidase-conjugated goat anti-mouse secondary antibody (1:5,000; Amer-
sham Biosciences) or rabbit anti-Val1744 antibody (1:1,000; Cell Signaling)
followed by horseradish peroxidase-conjugated protein A (1:5,000; Amersham
Biosciences). The ECL Plus Western blot detection system (Amersham Bio-
sciences), Typhoon 9410 scanner (Amersham Biosciences), and ImageQuant
software (Molecular Dynamics) were used for protein detection and quantifica-
tion. Band intensity corresponding to the cleavage fragments in whole-cell lysates
was normalized for protein loading by immunoblotting with anti-�-tubulin anti-
body (1:10,000; Sigma).

For analysis of proteolytic cleavage fragments of endogenous N1, WCLs were
immunoprecipitated using a rabbit polyclonal antibody raised against the intra-
cellular domain of N1 (anti-NICD; PCR12, 1:100) and immune complexes col-
lected on protein A-agarose beads (20 �l/lysate; Roche), followed by SDS-PAGE
and immunoblotting with another rabbit polyclonal anti-NICD antibody (93-4,
1:5,000) or anti-Val1744 antibody (1:1,000; Cell Signaling).

EDTA-induced Notch activation. C2C12 cells were washed twice with Hank’s
buffered saline solution (HBSS; Gibco) and then incubated in 1 mM EDTA or
HBSS buffer alone for 10 min at 37°C as previously described (45). Following
buffer removal, cultures were incubated in Dulbecco modified Eagle medium
containing 10% fetal bovine serum at 37°C for 6 to 8 h and assayed for luciferase
activity as described above.

ConA pulldown. Cells washed twice with ice-cold phosphate-buffered saline
were lysed in concanavalin A (ConA) lysis buffer (500 mM NaCl, 1 mM MnCl2,
1 mM CaCl2, 1 mM EDTA, 1% Nonidet P-40, and 1� Tris-buffered saline)
supplemented with protease inhibitors (as described above) and 10 �M BB94
(British Biotech) to block metalloprotease autocatalytic activity during cell lysis.
Cleared lysates were then incubated with 10 �l of ConA-Sepharose 4B beads
(Amersham Biosciences) for 1 h at 4°C to enrich glycosylated proteins as previ-
ously described (29). Bound material was eluted from beads and analyzed by
SDS-PAGE followed by immunoblotting with anti-ADAM10 (1:1,000; Cell Sig-
naling) or anti-ADAM17 (1:1,000; Cell Signaling) antibodies.

Coimmunoprecipitation of N1 with ADAM10 or ADAM17. C2C12 cells trans-
fected with 1 �g N1 and/or 1 �g ADAM10HA or 1 �g ADAM17 constructs,
using Lipofectamine reagent (Invitrogen), were lysed 48 h posttransfection in
Triton X buffer supplemented with protease inhibitors and 10 �M BB94 (British
Biotech). Lysates were then immunoprecipitated with anti-N1 antiserum (1:100;
PCR12) and immunoblotted with anti-ADAM10 (1:1,000; Cell Signaling), anti-
ADAM17 (1:1,000; Cell Signaling) or anti-N1 (1:5,000; 93-4) antibodies.

siRNA-mediated knockdown. C2C12 cells or MEFs were reverse transfected
with 20 nM small interfering RNA (siRNA) duplexes by the use of Lipo-
fectamine RNA interference MAX reagent (Invitrogen) according to the man-
ufacturer’s instructions. The target sequences of the siRNAs specific for mouse
ADAM10, ADAM17, or scrambled (SCR) control have been described previ-
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ously (37, 60) and are as follows: ADAM10, 5�-GCAAAGATGATTGCTGCT
TCG-3�; ADAM17-1, 5�-CAAAGAGACAGAGTGCTAGT-3�, ADAM17-2, 5�-
GAGAAGCTTGATTCTTTGC-3�, and SCR, 5�-GGTATATGCGCCATACAC
TACCC-3�. At 24 h post-siRNA treatment, cells were transfected with the
CSL-luciferase reporter construct and then either cocultured with ligand cells or
EDTA-treated for reporter assays, or the cells were cocultured with ligand cells
for analysis of N1 proteolytic cleavage fragments. In parallel, cell lysates were
incubated with ConA beads and subjected to Western blot analysis to monitor
the knockdown efficiency of ADAMs.

For ADAM10 rescue experiments, C2C12 cells treated with siRNA duplexes
for 24 h were cotransfected with 0.1 �g pcDNA3 vector encoding either
ADAM10HA or ADAM17 and the CSL reporter. Cell lysates were analyzed at
24 h posttransfection for reporter activity or ADAM protein expression.

RNA isolation and endogenous Herp2 expression analysis. RNA isolated from
C2C12 cultures with the mRNA isolation kit (Qiagen) was subjected to first-
strand cDNA synthesis using oligo(dT) primers according to the manufacturer’s
protocol (cDNA synthesis kit; Invitrogen). Herp2 and 	-tubulin transcript levels
were determined in duplicate samples by using Sybr green (Roche)-based quan-
titative real-time PCR (qRT-PCR) analysis with the following primer sets: mouse
Herp2 Forward, CAG CCC TAA GCA CTC TCA GTC; mouse Herp2 Reverse,
GCA CCA AAA GGA AAA CAC AAC; mouse 	-tubulin Forward, CAT CCA
GGA GCT CTT CAA GC; and mouse 	-tubulin Reverse, CAC CAT TTA CCC
CCA ATG AG. The qRT-PCR analysis was performed with MX-3000 software
(Stratagene), and Herp2 transcript levels were normalized to 	-tubulin levels.

Statistical analysis. Statistical significance was calculated by Student’s t test for
two-tailed distribution with equal variances, using Microsoft Excel software (Mi-
crosoft). Error bars indicate the mean 
 standard deviation of the mean (SD).

RESULTS

ADAM10 activity is required by Notch signal-receiving cells
but not ligand signal-sending cells to activate signaling. Our
previous studies using broad-spectrum metalloprotease inhib-
itors to block ligand-induced Notch signaling are consistent
with a requirement for ADAM10 (38, 59). However, these
inhibitors are not specific for ADAM10 activity, and this ap-
proach could not determine which of the interacting cells re-
quired ADAM10, which is important since both cell-autono-
mous and non-cell-autonomous roles for ADAM10 in Notch
signaling have been proposed (41, 43, 48, 53). To investigate a
requirement for ADAM10 in the ligand signal-sending cell,
MEFs isolated from ADAM10-targeted embryos (ADAM10�/�

MEFs) (14), lacking both precursor and mature forms of
ADAM10 (Fig. 1A, inset), were engineered along with wild-
type MEFs (ADAM10�/� MEFs) to stably express a C-termi-
nal Dll1HA. These Dll1HA-expressing MEFs and control pa-
rental MEFs were cocultured with NIH 3T3 fibroblasts
transiently expressing N1 and a CSL reporter, and the level of
luciferase activity was used as a measure of Notch signaling as
previously described (21, 38, 59). In this study, Dll1HA-ex-
pressing ADAM10�/� MEFs induced levels of luciferase ac-
tivity similar to those measured for Dll1HA-expressing
ADAM10�/� MEFs (Fig. 1A), indicating that ligand cells do
not require ADAM10 to activate signaling in cocultured N1
cells.

These data specifically eliminated a requirement for
ADAM10 in the ligand signal-sending cell, a finding more
consistent with the proposed cell-autonomous role for
ADAM10 in Notch signaling. To investigate the requirement
for ADAM10 in the Notch cell during ligand-induced signal-
ing, we used a mutant form of ADAM10 lacking the metallo-
protease domain that functions as a dominant negative
(DNKUZ) to block Notch signaling (31, 41). Expression of
DNKUZ in either NIH 3T3 fibroblasts or MEFs programmed
to express N1 and the CSL reporter significantly reduced lu-

ciferase activity induced by cocultured Dll1HA cells or cells
expressing another Notch ligand, Jagged1 (J1HA), relative to
that induced by vector control cells (Fig. 1B and C). These
findings are consistent with a requirement for ADAM10 in the
Notch cell; however, high expression of this mutant protein
could directly or indirectly affect other metalloproteases impli-
cated in Notch activation, in particular ADAM17. Therefore,
to determine a specific requirement for ADAM10 in the Notch
cell, we tested ADAM10�/� MEFs ectopically expressing N1
and the CSL reporter for signaling induced by cocultured li-
gand cells. Notch reporter activity induced in Dll1 or J1 cocul-
tures was strongly reduced in ADAM10�/� MEFs relative to
that detected with ADAM10�/� MEFs (Fig. 1D). In fact, the
low level of activation induced in ADAM10�/� MEFs cocul-
tured with cells ectopically expressing Notch ligands was sim-
ilar to that induced by control parental L cells. Moreover,
ectopic expression of full-length ADAM10 rescued the losses
in endogenous Notch signaling associated with ADAM10�/�

MEFs (Fig. 1E), indicating a specific requirement for
ADAM10 in the Notch cell for ligand-induced signaling. Im-
portantly, DNKUZ, lacking the metalloprotease domain, was
unable to rescue the ADAM10�/� MEFs signaling defect (Fig.
1E), indicating that the ADAM10 requirement relies on func-
tional metalloprotease activity.

Even though the ADAM10�/� MEFs are defective in li-
gand-induced signaling, they express wild-type levels of pre-
cursor and mature forms of ADAM17 protein (Fig. 1E, inset),
suggesting that ADAM17 cannot functionally replace the loss
of ADAM10 activity. However, this idea is inconsistent with
reports that ADAM17 can cleave N1 to activate signaling. To
address this conflict, we ectopically expressed ADAM17 in
ADAM10�/� MEFs and found that even though ADAM17 is
active in shedding tumor necrosis factor alpha (TNF-�) when
ectopically expressed in cells (49, 61) (data not shown), it could
not rescue the defect in ligand-induced signaling as was found
for ectopic ADAM10 expression (Fig. 1E). Together, our data
suggest that ADAM10 is the relevant ADAM that functions in
the Notch cell during signal reception and that the related
ADAM17 cannot functionally substitute for ADAM10 in li-
gand-induced activation of Notch signaling.

ADAM17 does not function in ligand-induced N1 signaling.
Based on the data described above, we wanted to reevaluate
the requirement for ADAM17 (also known as TACE for TNF-
�), specifically in the receiving cell during ligand-induced ac-
tivation of Notch signaling. To this end, we took advantage of
the MEF line derived from mouse embryos carrying a targeted
deletion of the TACE zinc-binding domain (TACE�Zn/�Zn),
which inactivates ADAM17 metalloprotease activity (42, 47).
This TACE�Zn/�Zn MEF line has been used extensively to
assess ADAM17 substrate specificity and biological function.
Indeed, these cells (referred to here as ADAM17�Zn/�Zn) are
the same cells previously used to implicate a role for ADAM17
in the cleavage of N1 (3). Thus, to assess the requirement for
ADAM17 specifically in ligand-induced Notch signaling,
ADAM17�Zn/�Zn MEFs were assayed as described above for
ADAM10�/� MEFs.

CSL reporter activity detected with ADAM17�Zn/�Zn cells
cocultured with Dll1 or J1 was approximately two- to threefold
less than that obtained with wild-type ADAM17�/� MEFs
(Fig. 2A). Although the lower level of reporter activity de-
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tected with ADAM17�Zn/�Zn cells could indicate a require-
ment for ADAM17, these cells reproducibly displayed a sta-
tistically significant two- to threefold increase in reporter
activity induced by Dll1 or J1 cells, relative to that induced by
control parental L cells (Fig. 2A), indicative of a ligand-specific
activation of N1. Given this, we asked if the low level of
activation detected with ADAM17�Zn/�Zn cells was due to the
expression of a truncated ADAM17 protein from the targeted
tace�Zn/�Zn gene, which migrates between the full-length pre-
cursor and mature forms on immunoblots (Fig. 2B). Even

though this truncated protein is enzymatically inactive (42, 47),
we considered that it might function as a dominant negative
and inhibit ADAM10. Antagonism of ADAM10 activity could
account for the significant, yet low, level of signaling detected
with ADAM17�Zn/�Zn MEFs. To address this idea, we used
siRNA duplexes designed to target ADAM17 transcripts
to specifically deplete the ADAM17�Zn/�Zn protein.
ADAM17�Zn/�Zn MEFs treated with either ADAM17-specific
siRNA duplexes to deplete ADAM17�Zn/�Zn protein (Fig. 2C,
inset) or SCR were cotransfected with N1 and the CSL re-

FIG. 1. ADAM10 functions cell autonomously in Notch signaling. (A) ADAM10 is not required by Dll1 cells to activate signaling. NIH 3T3
cells coexpressing N1 and a CSL reporter were cocultured with stable Dll1HA-ADAM10�/� (AD10�/�) or Dll1HA-ADAM10�/� (AD10�/�)
MEFs and assayed for activation (activation over parental MEFs; n � 3). ADAM10 protein expression was determined for ADAM10�/� and
ADAM10�/� MEF ConA-enriched lysates by Western blotting (WB) (inset). (B and C) Ectopic expression of DNKUZ reduces ligand-induced
Notch signaling. Reporter activity for NIH 3T3 cells (B) or wild-type MEFs (C) coexpressing DNKUZ with N1 induced by Dll1 or J1 cells and
assayed for luciferase activity (activation over parental L cells; n � 4). (D) Ligand-induced Notch signaling is defective in ADAM10�/� MEFs.
Dll1- or J1-induced reporter activity was measured in ADAM10�/� and ADAM10�/� MEFs (activation over parental L cells; n � 6). (E) Ectopic
ADAM10HA expression rescues ADAM10�/� MEF reporter activity. Reporter activity for ADAM10�/� MEFs cocultured with Dll1 cells
following ectopic ADAM10HA (AD10-HA), DNKUZ, or ADAM17 (AD17) expression was measured as described for panel D (n � 4). ADAM17
protein expression was determined for ADAM10�/� and ADAM10�/� MEF ConA-enriched lysates by Western blotting (inset). P, precursor form;
M, mature; �, anti; **, P � 0.01; ***, P � 0.001.
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porter followed by coculture with Dll1 or parental L cells.
Depletion of the ADAM17�Zn/�Zn protein did not alter re-
porter activity compared to that detected for either mock- or
SCR-treated MEFs (Fig. 2C), ruling out interference by the mu-
tant ADAM17 protein. Moreover, ectopic expression of
ADAM17 did not rescue the signaling defect of ADAM17�Zn/�Zn

MEFs (Fig. 2C).
Alternatively, the lower level of Notch signaling associated

with ADAM17�Zn/�Zn MEFs could reflect clonal variability as
reported for different ADAM10�/� MEFs in amyloid precur-
sor protein �-cleavage (14), rather than defects in ADAM17
enzymatic activity. Therefore, to assess the variability in Notch
signaling among ADAM10, ADAM17, wild-type, and targeted
MEFs, reporter activity induced by a constitutively active N1
(NICD) was determined. NICD signaling was lowest in
ADAM17�Zn/�Zn MEFs (Fig. 2D), and given that this form of
N1 does not require ADAM or �-secretase proteolysis to signal
(40, 52), we favor the idea that clonal variation in Notch sig-

naling, rather than loss in ADAM17 activity, accounts for the
reduced activity detected (Fig. 2A). Together, our findings
suggest that defects in ADAM17 enzymatic activity do not
perturb signaling induced by Dll1 or J1, consistent with a role
for ADAM10, rather than ADAM17, in ligand-induced Notch
signaling.

RNA interference studies confirm a requirement for
ADAM10 exclusive of ADAM17 in ligand-induced N1 signal-
ing. Given the clonal variability associated with genetically
targeted MEF lines, we used siRNA duplexes designed to
deplete ADAM10 and ADAM17 in the same cell line. Treat-
ment of C2C12 cells with either ADAM10 or ADAM17 siRNA
duplexes specifically depleted ADAM10 and ADAM17 pro-
teins by more than 90% relative to the levels in SCR siRNA-
treated cells (Fig. 3A). When C2C12 cells specifically depleted
of either ADAM10 or ADAM17 were cotransfected with a
CSL reporter and cocultured with ligand cells, losses in
ADAM10 resulted in a dramatic decrease in reporter activity

FIG. 2. ADAM17 (AD17) is not required for ligand-induced Notch signaling (A) ADAM17�Zn/�Zn MEFs (AD17�Zn/�Zn) displayed a signif-
icant, but low level of reporter activity induced by ligand cells. Reporter activities for N1-expressing ADAM17�Zn/�Zn and ADAM17�/� MEFs
cocultured with Dll1 or J1 cells were assayed for luciferase activity (induction over parental L cells; n � 4). (B) ADAM17�Zn/�Zn MEFs express
a targeted (T) ADAM17 protein and display ADAM10 (AD10) protein levels similar to those displayed by ADAM17�/� MEFs. ADAM10 and
ADAM17 protein expression was determined for ConA-enriched lysates isolated from ADAM17�/� and ADAM17�Zn/�Zn MEFs by Western
blotting (WB). (C) ADAM17�Zn/�Zn protein does not alter Notch signaling. ADAM17�Zn/�Zn MEFs treated with SCR or ADAM17 siRNA
(siAD17) were cotransfected with ADAM17 and the CSL reporter constructs and then cocultured with Dll1 cells and assayed for luciferase activity
(induction over parental L cells; n � 3). Specific siRNA depletion of ADAM17�Zn/�Zn protein was assayed by Western blotting (inset).
(D) ADAM17�Zn/�Zn MEFs have intrinsically low Notch signaling activity. Reporter activity induced by constitutively active NICD in
ADAM17�Zn/�Zn MEFs was assayed for luciferase activity (activation over vector transfected cells; n � 3). P, precursor form; M, mature; �, anti;
*, P � 0.05.
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(Fig. 3B). In contrast, neither of the two ADAM17 siRNAs
produced losses in reporter activity following coculture with
ligand cells, and cotreatment with both ADAM10 and
ADAM17 siRNAs yielded losses in reporter activity similar to

those detected for ADAM10 siRNA treatment alone (Fig. 3B).
Importantly, losses in ligand-induced reporter activity in
ADAM10-depleted cells could be rescued by ectopic expres-
sion of an ADAM10 cDNA (Fig. 3C, inset), indicating that

FIG. 3. ADAM10, but not ADAM17, is required for ligand-induced Notch-dependent reporter activity and endogenous target gene (Herp2 gene)
expression. (A) siRNA depletion of ADAM10 (AD10) and ADAM17 (AD17) proteins is specific and efficient. Western blot (WB) analysis and
quantification of ADAM10 and ADAM17 proteins following siRNA depletion were performed (percentage relative to SCR-treated cells arbitrarily set
to 100; representative of 10 experiments). (B) Depletion of ADAM10, but not ADAM17, decreased CSL reporter activity. C2C12 cells depleted for
ADAM10 and/or ADAM17 protein by siRNA were transfected with the CSL reporter followed by coculture with Dll1 or J1 cells and assayed for
luciferase activity (induction over parental L cells; n � 4). (C) Ectopic ADAM10HA (AD10HA or A10HA) expression rescued reporter activity in
ADAM10 (AD10 or A10)-depleted C2C12 cells. Dll1-induced reporter activity was measured in C2C12 cells treated with SCR or ADAM10 siRNAs and
then transfected with ADAM10 or ADAM17 (AD17 or A17) cDNAs (induction over parental L cells; n � 4). siRNA depletion and ectopic expression
of ADAM10 and ADAM17 in ConA-enriched lysates were assayed by Western blotting (inset). (D) Depletion of ADAM10, but not ADAM17,
decreased Dll1-induced endogenous Herp2 expression. C2C12 cells treated with indicated siRNAs were cocultured with Dll1 cells, and Herp2 expression
was detected by qRT-PCR analysis (see Materials and Methods for details) (n � 4). P, precursor form; M, mature; �, anti; ***, P � 0.001.
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losses in activity mediated by the ADAM10 siRNAs are spe-
cifically linked to ADAM10 protein depletion. In contrast,
ectopic ADAM17 expression did not significantly rescue the
signaling defect associated with ADAM10 depletion (Fig. 3C),
indicating that ADAM17 cannot functionally replace ADAM10.
Moreover, losses in ADAM10 but not ADAM17 protein fol-
lowing siRNA treatments led to significant losses in mRNA
expression of the endogenous Notch target gene, the Herp2
gene (17), induced by Dll1 cells (Fig. 3D). Together, our data
indicate that ADAM10 is absolutely required for both Dll1 and
J1 to activate signaling and drive target gene expression.

ADAM10 but not ADAM17 is required for S2 cleavage in-
duced by Dll1 cells. Having established that ADAM10 but not
ADAM17 is required in the Notch cell for activation of signal-
ing by ligand, we tested the requirement for these related
ADAMs in the ligand-induced cleavage of N1. For these ex-
periments, we established ADAM10�/�, ADAM10�/�,
ADAM17�/�, and ADAM17�Zn/�Zn MEF lines stably express-
ing N1�myc to facilitate detection of the S1, S2, and S3 N1
cleavage products by immunoblotting (59). Important to our
studies, S2 fragment detection can be enhanced by the �-secre-
tase inhibitor DAPT (6), which blocks the rapid conversion of
S2 to S3 (Fig. 4A, compare the S2 bands for DMSO and DAPT
treatments), allowing identification and quantification of the
S2 fragment produced in N1�myc cells following coculture
with Dll1 or J1 cells (59). Specifically, when ADAM10�/�

N1�myc MEFs were cocultured with Dll1 cells in the presence
of DAPT, a slight increase in S2 was detected compared to that
induced by parental L cells (Fig. 4A). Quantification of the
results for four independent experiments revealed that the
amount of S2 produced relative to the S1 precursor was de-
creased 60% for ADAM10�/� N1�myc MEFs compared to
that detected for ADAM10�/� N1�myc MEFs (Fig. 4A).

Even though ligand cells are unable to activate the Notch
reporter in ADAM10�/� cells (Fig. 1D and E), a low level of
S2 is detected in ADAM10�/� cells cocultured with Dll1 cells
(Fig. 4A). Detection of this fragment is prevented by BB94,
indicating that it is metalloprotease dependent, and accumu-
lation in the presence of DAPT indicates that it can be further
cleaved by �-secretase (Fig. 4A). Since the metalloprotease
ADAM17 has also been implicated in S2 cleavage, we asked if
the residual S2 detected with ADAM10�/� N1�myc cells in
response to Dll1 was a product of endogenous ADAM17 (Fig.
1E, inset). Treatment of ADAM10�/� N1�myc MEFs with
either SCR or ADAM17 siRNAs produced similarly low levels
of S2 following coculture with Dll1 cells (Fig. 4B), suggesting
that ADAM17 is not responsible for the residual cleavage
detected with ADAM10�/� N1�myc cells. In fact, depletion of
ADAM17 in ADAM10�/� MEFs did not reduce the amount
of S2 detected compared to control SCR treatments (Fig. 4B),
indicating that ADAM17 is not involved in ligand-induced S2
cleavage. Consistent with this idea, the level of S2 detected for
ADAM17�Zn/�Zn N1�myc MEFs cocultured with Dll1 cells was
not significantly different from that induced in ADAM17�/�

N1�myc cocultures (Fig. 4C). Although ADAM17 is not re-
quired for S2 generation, our data suggest that in the absence
of ADAM10, an alternative metalloprotease cleaves N1 to
generate a similarly sized fragment that does not detectably
activate signaling (Fig. 1D and E). Together, our data suggest
that ADAM10 is required for efficient S2 cleavage and signal-

ing induced by Dll1 and that ADAM17 does not participate in
these events.

To confirm our findings with ADAM10 and ADAM17 tar-
geted MEFs, we treated stable N1�myc-expressing C2C12
cells with specific siRNAs to deplete ADAM10 or ADAM17
prior to coculture with either Dll1 or parental L cells. In the
presence of DAPT, the level of accumulated S2 was signifi-
cantly decreased in cells treated with ADAM10 siRNA com-
pared to that in cells treated with SCR siRNA; however,
ADAM17 depletion did not significantly alter S2 generation
induced by Dll1 (Fig. 5A). Since �-secretase cleavage of S2
produces the biologically active S3 form, we also monitored
this product by using an antibody that specifically detects S3.
Consistent with the losses in ligand-induced reporter activity
(Fig. 1C to E and 3B to C) and Herp2 expression (Fig. 3D)
detected for cells deficient in ADAM10, S3/NICD generation
was also significantly reduced in ADAM10-depleted cells com-
pared to that detected in SCR or ADAM17 siRNA-treated
cells (Fig. 5B). Although these data monitoring ligand-induced
proteolysis support a role for ADAM10, rather than ADAM17, in
S2 cleavage, endogenous N1 in C2C12 cells was also monitored to
rule out any potential artifacts that may result from ectopic ex-
pression of N1�myc. This analysis revealed that Dll1-induced
cleavage at both S2 and S3 sites in endogenous N1 was also
significantly decreased by siRNA-mediated depletion of
ADAM10, but not ADAM17 (Fig. 5C and D). Together, our data
implicate ADAM10 and exclude ADAM17 as functioning in S2
cleavage of N1 in response to ligand.

Overexpression of ADAM17 and N1 leads to ligand-inde-
pendent signaling. Previous studies implicating ADAM17 in
S2 cleavage and Notch signaling used N1 mutant proteins that
are cleaved independent of ligand (3, 36). Moreover, recent
studies have reported that high levels of matrix metallopro-
teinase 7 (MMP7) in mammalian cells (51) or TACE in Dro-
sophila cells (5) activate Notch signaling independent of ligand.
Therefore, to determine if ADAM10 or ADAM17 could acti-
vate Notch in a ligand-independent manner, C2C12 cells were
transiently transfected with ADAM10 or ADAM17 cDNAs,
and Herp2 mRNA expression was used as a readout of Notch
activation. Although, ectopic expression of either ADAM10 or
ADAM17 in C2C12 cells did not increase Herp2 expression
over the vector control, coexpression of N1 and ADAM17
significantly increased Herp2 expression (Fig. 6A), suggestive
of ligand-independent activation of N1 by ADAM17. Both
BB94 and DAPT suppressed Herp2 gene expression (Fig. 6A),
indicating that transcriptional activation of this Notch target
gene by ADAM17 involves proteolytic activation by both met-
alloprotease and �-secretase. Moreover, Herp2 expression in-
duced by ADAM17 ectopically expressed with N1 was not
further enhanced by ligand (Fig. 6B), consistent with
ADAM17-mediated, ligand-independent Notch signaling. In
contrast to these findings for ADAM17, cells coexpressing
both ADAM10 and N1 significantly induced Herp2 expression
in response to only ligand (Fig. 6A and B), providing further
support that ADAM10 is required for ligand-induced proteo-
lytic activation of N1. Furthermore, siRNA depletion of
ADAM10 did not diminish the level of reporter activity de-
tected with C2C12 cells overexpressing ADAM17 and N1,
either in the presence or absence of Dll1 cells (Fig. 6C), sug-
gesting that ADAM10 is not required for the ADAM17-me-
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FIG. 4. ADAM10 expression is required for ligand-induced S2 cleavage of N1 in MEFs. (A) ADAM10�/� (AD10�/�) MEFs are defective in S2
cleavage. Dll1-induced N1�myc proteolytic fragments produced in stable ADAM10�/� and ADAM10�/� MEFs treated with metalloprotease (BB94)
or �-secretase (DAPT) inhibitors (DMSO vehicle) were analyzed following immunoprecipitation (IP) and Western blotting (WB). The percent
quantification of S1 fragment converted to S2 fragment from DAPT-treated Dll1 cocultures with ADAM10�/� was arbitrarily set to 100% (lower panel;
n � 4). (B) The residual S2 cleavage fragment detected with ADAM10�/� MEFs is not ADAM17 derived. The ligand-induced S2 cleavage fragment was
analyzed by Western blotting in N1�myc ADAM10�/� or ADAM10�/� MEFs following siRNA depletion of ADAM17 and coculture with Dll1 cells.
The results shown are representative of one of two experiments. (C) Dll1-induced S2 cleavage is unaltered in ADAM17�Zn/�Zn MEFs. N1�myc-
expressing ADAM17�/� and ADAM17�Zn/�Zn MEFs were assayed and quantified as described for panel A (n � 4). *, P � 0.05.
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FIG. 5. ADAM10, but not ADAM17, expression is required for ligand-induced S2 and S3 cleavage of N1�myc and endogenous N1 in C2C12
cells. (A and B) Depletion of ADAM10, but not ADAM17, decreased ligand-induced S2 and S3 cleavage of ectopic N1�myc. Dll1-induced S2
(A) and S3 (B) N1�myc cleavage fragments produced in ADAM10 (AD10) or ADAM17 (AD17) siRNA-depleted C2C12 cells in the presence
of the �-secretase (DAPT) (A) or proteasome (MG132) inhibitors (B) were detected by Western blotting (WB). The percent quantification of S1
fragment converted to S2 fragment from DAPT-treated Dll1 cocultures (A) and the percent quantification of S3 cleavage fragment in MG132-
treated Dll1 cocultures (B) with SCR siRNA were arbitrarily set to 100% (lower panels; n � 4). (C and D) Depletion of ADAM10, but not
ADAM17, decreased ligand-induced S2 and S3 cleavage of endogenous N1. Dll1-induced S2 (C) and S3 (D) endogenous N1 cleavage fragments
produced in parental C2C12 cells were assayed and quantified as described for panels A and B, respectively. Lysates were immunoprecipitated (IP),
and endogenous N1 proteolytic cleavage fragments were detected by Western blotting (n � 3). �, anti; *, P � 0.05; **, P � 0.01.
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diated, ligand-independent activation of N1. Since metallopro-
tease blockade suppressed ADAM17-induced Herp2 expression
(Fig. 6A), it seems likely that ADAM17 functions directly in
the proteolytic activation of N1 that occurs independent of
ligand.

ADAM17 but not ADAM10 is required for ligand-indepen-
dent activation of N1. Our findings indicate that ADAM10
cleaves either endogenous or ectopically expressed N1 (Fig. 4
and 5), but cleavage at the S2 site is highly dependent on
ligand. While ADAM17 was not required for ligand-induced

FIG. 6. ADAM17 activates Notch signaling independent of ligand. (A) Overexpression of ADAM17 (AD17) with N1 induced ligand-
independent Notch signaling that requires both ADAM and �-secretase activity. C2C12 cells cotransfected with N1 and either ADAM10 (AD10)
or ADAM17 (AD17) were incubated with metalloprotease (BB94) and �-secretase (DAPT) inhibitors (DMSO vehicle), and Herp2 expression was
detected by qRT-PCR analysis (see Materials and Methods for details) (n � 3). (B) Herp2 expression induced by ADAM17 is not sensitive to
ligand. Herp2 mRNA was detected by qRT-PCR analysis in C2C12 cells, as described for panel A, and cocultured with Dll1 cells (n � 2).
(C) ADAM10 is not required for reporter activity induced by ADAM17 independent of ligand. CSL reporter activity in ADAM10 siRNA depleted
C2C12 cells overexpressing N1 with either ADAM10 or ADAM17 cDNAs was measured, following coculture with Dll1 cells (induction over
parental L cells; n � 2). (D) ADAM17 interacts with ectopic but not endogenous N1. C2C12 cells expressing ADAM10 or ADAM17 either alone
or together with N1 were either immunoblotted (WB) with anti-NICD (93-4), anti-AD10, or anti-AD17 antibodies or immunoprecipitated (IP)
with anti-NICD (PCR 12), followed by WB with the indicated antibodies. The p120 furin-cleaved NICD fragment is shown for both NICD blots.
(E) EDTA-induced reporter activity is ADAM17 dependent. C2C12 cells treated with the indicated siRNAs and expressing a CSL reporter were
treated with either 1 mM EDTA or HBSS buffer for 10 min and assayed for luciferase activity 6 to 8 h later (n � 2). �, anti; **, P � 0.01.
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S2 cleavage of N1, it could nonetheless activate signaling in-
dependent of ligand when ectopically coexpressed with N1
(Fig. 6A and B). The fact that ADAM17 coimmunoprecipi-
tated with ectopic N1, but not endogenous N1 (Fig. 6D), offers
a plausible explanation as to why ligand-independent signaling
requires coexpression of both ADAM17 and N1 (Fig. 6A to C).
In contrast, ADAM10 coimmunoprecipitated with both ec-
topic and endogenous N1, indicating that ADAM10 constitu-
tively interacts with N1; however, ADAM10 can activate N1
only in the presence of ligand (Fig. 6A to C), suggesting that
ligand binding to N1 facilitates ADAM10 cleavage.

Although coexpression of N1 with ADAM17 identified a
cellular context in which ADAM17 could activate N1, the
mechanism of this ligand-independent activation is unclear.
Therefore, we used EDTA to activate signaling independent of
ligand since EDTA-mediated sequestration of calcium is
thought to destabilize the NRR structure and expose the S2
cleavage site similar to that proposed for ligand (11, 45). Cells
treated with EDTA strongly induced reporter activity; how-
ever, cells depleted of ADAM17 were defective in EDTA-
induced reporter activity (Fig. 6E), suggesting that ADAM17 is
required for N1 activation induced by EDTA, consistent with a
role for this protease in the ligand-independent signaling. Im-
portantly, the loss of ADAM10 did not diminish EDTA-in-
duced reporter activity, underscoring the importance of ligand
in ADAM10-mediated activation of N1.

To further explore the protease dependency in ligand-inde-
pendent Notch signaling, we examined an N1 mutant in which
two highly conserved cysteine residues within the NRR (C1675
and C1682) were converted to serine (N1CC3SS). These mu-
tations in Drosophila Notch produce a hyperactive ligand-in-
dependent form (25), and N1CC3SS expressed in C2C12 cells
strongly activated a CSL reporter in the absence of ligand (Fig.
7A). Although the activity detected with N1CC3SS in the ab-
sence of ligand was similar to that induced by wild-type N1 in
response to Dll1 cells, signaling was further enhanced by ligand
(Fig. 7A), suggesting that although this mutant is constitutively
active, it can respond to ligand. Furthermore, the ligand-inde-
pendent activity intrinsic to N1CC3SS was sensitive to BB94,
indicating a strict dependence on metalloprotease activity (Fig.
7B). Based on the strong requirement for ligand in ADAM10
activation of N1, it seemed likely that this protease would not
be required for N1CC3SS to signal in the absence of ligand.
Indeed, N1CC3SS activated a Notch reporter to similar levels
when expressed by wild-type or ADAM10�/� MEFs (Fig. 7C).
It is important to note that this result is reminiscent of a
previous report for normal proteolytic processing of a trun-
cated N1CC3SS in ADAM10�/� MEFs, a finding that was used
to exclude a role for ADAM10 in the activation of N1 (36).

To determine the ADAM requirement in ligand-indepen-
dent signaling, we treated C2C12 cells ectopically expressing
N1CC3SS with siRNAs specific for ADAM10 or ADAM17.
Efficient ADAM10 knockdown in N1CC3SS cells induced sig-
naling to levels similar to those measured for cells treated
with SCR siRNA (Fig. 7D), corroborating findings with
ADAM10�/� and wild-type MEFs. That cells treated with
ADAM17 siRNA either alone or in combination with ADAM10
siRNA displayed a dramatic loss in activity (Fig. 7D) suggests
that ADAM17 is required for signaling by the constitutively
active N1CC3SS mutant protein. In support of this, ectopic

expression of ADAM17 rescued the loss in signaling associated
with the siRNA-mediated depletion (Fig. 7E), ruling out non-
specific siRNA effects. Moreover, ectopic expression of
ADAM17 enhanced transcription by N1CC3SS (Fig. 7E, SCR),
as found for wild-type N1 (Fig. 6A to C).

Further evidence for selective use of ADAM10 and
ADAM17 in ligand-dependent and -independent activation of
N1, respectively, was obtained following specific ADAM de-
pletion in N1CC3SS-expressing cells cocultured with either L or
Dll1 cells. This analysis allowed identification of signaling in-
duced in Dll1-independent and -dependent contexts (Fig. 7F),
following coculture with either L or Dll1 cells. From this anal-
ysis it can be deduced that reporter activity detected for Dll1
cocultures represents the product of signaling intrinsic to
N1CC3SS and that induced by ligand. ADAM10 depletion did
not diminish signaling intrinsic to N1CC3SS (L cells) but did
decrease signaling induced by Dll1 cells, consistent with the
requirement for ligand in the ADAM10 activation of N1. In
contrast, depletion of ADAM17 strongly suppressed the
N1CC3SS activity measured for L cocultures, supporting the
requirement for this protease in ligand-independent constitu-
tive signaling. Moreover, depletion of both ADAMs sup-
pressed signaling induced in either the absence (L coculture)
or presence (Dll1 coculture) of ligand. Together, these
N1CC3SS data provide support for the intriguing idea that
ligand-dependent and -independent activation of N1 requires
distinct ADAMs.

T-ALL activating Notch1 mutations require both ADAM10
and ADAM17. The N1CC3SS mutations map to the het-
erodimerization (HD) domain within the NRR, a region that
contains the majority of activating human N1 mutations iso-
lated from T-ALL patients (12, 30, 58). Although a mutation
equivalent to C1675 has been detected in T-ALL (11), the
additional C1682S change in N1CC3SS has so far not been
reported either alone or in combination with C1675. To deter-
mine whether our findings with N1CC3SS could be extended to
the aberrant signaling associated with T-ALL, we examined
the requirement for ADAM10 and -17 in signaling by several
well-characterized activating T-ALL mutants.

Approximately 40% of the isolated T-ALL mutations in
human N1 map to the NRR and have been classified according
to the destabilizing effects on heterodimer structure and level
of activation (30, 58). Briefly, class 1A are weakly activating
and associated with strong and spontaneous heterodimer dis-
sociation, while mutations that weakly destabilize but still pro-
duce ligand-independent activity are classified as class 1B. On
the other hand, class 2 mutations produce high levels of Notch
signaling activity without affecting the stability of the het-
erodimer. Significantly, all NRR mutations are thought to al-
low constitutive cleavage through S2 exposure or access; how-
ever, the relevant ADAMs have not been identified. To this
end, we tested full-length forms of N1 mutants from class 1A
(L1601P, L1679P), class 1B (V1577E, L1594P, R1599P), and
class 2 (P12) for reporter activity following siRNA knockdown
of ADAM10 and ADAM17, either alone or in combination.
Although equivalent levels of expression of the T-ALL mu-
tants (data not shown) produced various levels of reporter
activity, the activities were nonetheless significantly higher
than those for wild-type N1 in the absence of ligand (Fig. 8A).
As found with N1CC3SS, depletion of ADAM17 alone or to-
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gether with ADAM10 resulted in a similar and strong reduc-
tion in reporter activity relative to that for SCR siRNA-treated
cells; however, unlike N1CC3SS that did not display a require-
ment for ADAM10, all T-ALL mutations showed some level of

dependence on ADAM10. Nonetheless, this analysis suggested
a stronger requirement for ADAM17 over ADAM10 for con-
stitutive signaling intrinsic to T-ALL mutations.

Given the strong requirement for ligand in ADAM10 acti-

FIG. 7. ADAM17 is required for constitutive N1CC3SS signaling activity. (A) N1CC3SS reporter activity is enhanced by ligand. C2C12 cells
coexpressing either N1 or N1CC3SS and a CSL reporter were assayed for activation in the presence and absence of Dll1 cells (activation over N1
cells in the absence of ligand; n � 3). (B) Constitutive N1CC3SS activity requires ADAM and �-secretase cleavage. Reporter activity was measured
for N1- or N1CC3SS-expressing C2C12 cells treated with metalloprotease (BB94) or �-secretase (DAPT) inhibitors (activation over DMSO-treated
N1 cells; n � 3). (C) ADAM10 (AD10) is not required for constitutive signaling by N1CC3SS. ADAM10�/� or ADAM10�/� MEFs were
cotransfected with either N1 or N1CC3SS and CSL reporter constructs and assayed for luciferase activity (activation over N1 cells; n � 3).
(D) N1CC3SS constitutive activity requires ADAM17 (AD17). CSL reporter activity for N1CC3SS-expressing C2C12 cells depleted for ADAM10,
ADAM17, or both by siRNAs and assayed for luciferase activity (activation over SCR siRNA-treated N1 cells; n � 3). (E) Losses in N1CC3SS

reporter activity following ADAM17 or both ADAM10 and ADAM17 siRNA depletion can be rescued by ectopic expression of ADAM17 cDNA
(activation over SCR-treated, vector-transfected N1 cells; n � 2). (F) N1CC3SS signaling induced by Dll1 is a composite of ligand-independent
(open bars) and -dependent (filled bars) activation that requires both ADAM10 and ADAM17. Reporter activity of N1CC3SS-expressing C2C12
cells treated with ADAM10, ADAM17, or both siRNAs were cocultured with either L or Dll1 cells (activation over SCR-treated N1 cells
cocultured with parental L cells; n � 3).

5690 BOZKULAK AND WEINMASTER MOL. CELL. BIOL.



vation of N1, we reasoned that the requirement for ADAM10
in activation of the T-ALL mutants might reflect input by
ligand. To address this possibility, we determined whether the
signaling activity intrinsic to these T-ALL mutants could be
further enhanced by ligand as found for N1CC3SS. In every
case, reporter activity was increased following coculture with
Dll1 cells (Fig. 8B), indicating that the mutant proteins were
expressed at the cell surface and that signaling could be en-
hanced by ligand. Since the level of enhancement was similar
to that induced by either N1CC3SS or wild-type N1 in response
to ligand, the ADAM10 requirement could reflect ligand-de-
pendent activation. To directly address this, we tested forms
lacking the EGF-like repeats (�EGF-N1) that facilitate ligand
binding (30), following siRNA depletion of ADAM10,
ADAM17, or both. Losses in either ADAM10 or ADAM17
reduced reporter activity induced by the �EGF-N1 mutants
(Fig. 8C), indicating a requirement for both proteases in li-
gand-independent signaling. In contrast to the full-length
forms that showed a 30 to 50% and 60 to 80% reduction in
reporter activity following ADAM10 and -17 depletion, respec-
tively (Fig. 8A), the �EGF-N1 mutants did not display an
obvious preference for ADAM17 over ADAM10 in this assay
(Fig. 8C). The exception to this was the class 2 mutant P12 that
had a stronger dependence on ADAM17 compared to
ADAM10 for both full-length and truncated forms (Fig. 8A
and C). Even more surprising were the findings that in contrast
to �-secretase blockade, not all the class 1 mutants were
strongly inhibited by BB94 (Fig. 8D), suggesting that the sig-
naling activity intrinsic to these mutations is not completely
dependent on constitutive metalloprotease cleavage. Interest-
ingly, the activity associated with the class 2 mutation that does
not involve NRR destabilization for S2 cleavage was strongly
inhibited by both BB94 and DAPT (Fig. 8D).

DISCUSSION

Metalloproteases can both positively and negatively regulate
Notch signaling; yet the exact roles that these proteases per-
form have remained controversial. Further complicating this
issue is the proteolytic processing of both Notch ligands and
receptors by a number of different metalloproteases (7, 62).
Moreover, ADAM-mediated shedding of ligand from the sig-
nal-sending cell can downregulate signaling (33, 37, 55), while
proteolytic removal of ligand from the Notch cell enhances
signal reception (50). We have focused our studies on cell-
autonomous roles for ADAM10 and ADAM17 in proteolytic

FIG. 8. Signaling activity intrinsic to N1 T-ALL mutants have en-
hanced protease sensitivity. (A and C) T-ALL activating mutants re-
quire both ADAM10 and ADAM17 for constitutive signaling activity.
C2C12 cells treated with ADAM10 (siAD10) and/or ADAM17

(siAD17) siRNAs were transfected with the indicated full-length (A)
or EGF-truncated (�EGF) (C) class1 and 2 T-ALL N1 mutants and
assayed for luciferase activity (activation over SCR-treated wild-type
N1 cells; n � 2). (B) Signaling by T-ALL mutants can be enhanced by
ligand. C2C12 cells cotransfected with the CSL reporter and the full-
length N1 cDNAs with indicated mutations were cocultured with Dll1
cells (activation over wild-type N1 cells cocultured with L cells; n � 2).
(D) Inhibition of �-secretase but not metalloproteases efficiently sup-
pressed signaling by class 1 T-ALL mutants. Reporter activity was
detected for C2C12 cells expressing the indicated full-length N1 T-
ALL mutants following treatment with metalloprotease (BB94) or
�-secretase (DAPT) inhibitors (DMSO vehicle) (activation over wild-
type N1 cells treated with DMSO; n � 2).
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activation of N1, which have identified selective use of
ADAM10 in ligand-induced activation. The strict dependence
on ADAM10 in the ligand-induced cleavage of N1 is consistent
with the overlap in developmental defects displayed by mice
lacking either N1 or ADAM10 (4, 14, 31, 41, 44, 56, 57). Even
though our findings indicate that ADAM17 cannot cleave
Notch in response to ligand, we have uncovered a specific role
for this metalloprotease in the activation of Notch independent
of ligand. Although Notch is a substrate for both ADAM10
and ADAM17, our studies suggest that context-dependent
conformational changes in N1 may dictate which protease
cleaves to facilitate receptor activation.

We find that ADAM10 is not required in the ligand cell to
send a signal but, rather, is required by the Notch cell to
receive the signal, and this is more consistent with a role for
ADAM10 in regulating the rate-limiting S2 cleavage of N1 in
response to ligand. Specifically, defects in ADAM10 activity
meditated by expression of a dominant negative form, or de-
pletion of ADAM10 protein through gene deletion or RNA
interference all lead to losses in ligand-induced signaling.
Moreover, ADAM10 losses resulting in signaling defects cor-
relate with decreased S2 generation, which is necessary for
�-secretase cleavage to generate the active NICD signaling
fragment. Despite previous reports identifying N1 as an
ADAM17 substrate (3, 36), as well as high ADAM17 expres-
sion in cells lacking ADAM10, ADAM17 could not cleave or
activate N1 in response to ligand. Consistent with this finding,
losses in ADAM17 activity or protein did not significantly
diminish S2 cleavage, reporter activity, or Herp2 expression in
response to Notch ligands. It is unclear why ADAM17, a prin-
cipal sheddase for a large number of cell surface proteins (8),
cannot cleave cell surface N1 in response to ligand. Perhaps
ADAM17 and N1 occupy distinct cell surface microdomains,
thereby precluding interactions, consistent with our inability to
coimmunoprecipitate ADAM17 with endogenous N1. None-
theless, our findings indicate that ADAM17 does not compete
with ADAM10 in ligand-induced cleavage of N1 and that these
closely related ADAMs are not functionally redundant in sig-
naling regulated by ligand.

The exclusive use of ADAM10 over ADAM17 in ligand-
induced signaling is in keeping with our findings that
ADAM10, but not ADAM17, interacts with endogenous N1.
However, ADAM17 could interact with N1 when ectopically
coexpressed, and this resulted in dysregulated receptor activa-
tion in the absence of ligand. The constitutive signaling asso-
ciated with ADAM17 did not require ADAM10 but was ab-
solutely dependent on ADAM17 activity, which could reflect
differential localization of these proteases to specific subcellu-
lar compartments. In fact, ADAM17 activation of N1 did not
involve ectodomain shedding (data not shown), excluding the
possibility that ADAM17 cleaves N1 at the cell surface. Al-
though it is unclear where in the cell ADAM17 cleaves and
activates N1, we speculate that this ligand-independent activa-
tion may involve an accumulation of high levels of ADAM17
and N1 proteins intracellularly, which could facilitate interac-
tions between these proteins and induce conformational
changes in N1 that would expose the S2 site and allow cleav-
age. In fact, the intracellular accumulation of Notch in traf-
ficking mutants in flies is associated with constitutive activation
of signaling that appears to occur independent of ligand (9).

In contrast to ADAM17, interactions detected between ec-
topically expressed ADAM10 and N1 did not produce consti-
tutive signaling, providing additional support for the impor-
tance of ligand in ADAM10 cleavage of N1. It is important to
note that N1 was first identified as an ADAM17 substrate
through its ability to cleave a short N1 fragment containing the
S2 site but lacking the protective NRR sequences and ligand
binding sites (3). This S2-containing N1 fragment was not
cleaved by ADAM10, which the authors interpreted to mean
that ADAM10 is not the relevant protease in Notch signaling.
However, we would argue that the inability of ADAM10 to
cleave this short N1 fragment more reflects our findings that
interactions between ADAM10 and N1 do not activate signal-
ing in the absence of ligand.

To further explore differences between ADAM10 and
ADAM17 activation of N1, we determined the protease re-
quirement for signaling induced by treatment of cells with
EDTA, which is proposed to mimic that induced by ligand
(45). Since the NRR structure is dependent on calcium and
zinc binding (11) and EDTA induces shedding of the Notch
ectodomain (45), one might predict that structural changes
induced by EDTA expose the S2 site, as do those induced by
ligand. However, ADAM17 was absolutely required for
EDTA-induced activation of N1, while losses in ADAM10 did
not affect signaling, findings that are in complete opposition to
those identified for ligand activation of N1. Although the mo-
lecular basis for this selectivity is unknown, it is possible that
the EDTA-induced conformational changes that lead to het-
erodimer dissociation provide a more suitable ADAM17 sub-
strate, while ligand-induced dissociation of N1 produces a con-
formation conducive to ADAM10 cleavage. Moreover, since
ADAM17 is unable to cleave N1 in response to ligand, even in
the absence of ADAM10, it seems that ligand-induced confor-
mational changes in N1 are not sufficient for ADAM17 prote-
olysis. Importantly, our findings have identified mechanistic
differences between ligand- and EDTA-induced Notch signal-
ing that indicate that these two modes of Notch activation
cannot be considered equivalent.

Similarly, the constitutive signaling capacity associated with
N1CC3SS presumably reflects changes in NRR conformation
that promote ADAM17, yet disfavor ADAM10 proteolytic ac-
tivation. Based on structure data, mutating these two con-
served cysteine residues within the NRR would prevent the
formation of a disulfide bond, which is predicted to contribute
to the tight packing interactions between the Lin12/Notch re-
peats (LNR) and HD domains required to stabilize the het-
erodimer and prevent S2 exposure and cleavage (11). Interest-
ingly, these changes did not accommodate S2 cleavage by
ADAM10 in the absence of ligand. Findings from a previous
study also indicated that ADAM10 is not required for
N1CC3SS cleavage; however, this was used to exclude
ADAM10 as a relevant protease in Notch signaling (36). In
contrast, our findings have identified an obligatory role for
ADAM10 in signaling induced by ligand and indicate that
ADAM17 expressed by ADAM10 deficient cells is capable of
activating N1CC3SS independent of ligand, further establishing
differential requirements for these proteases in ligand-depen-
dent and -independent modes of Notch activation.

The differential and strict requirements for ADAM10 and
ADAM17 in regulated and dysregulated Notch signaling, re-
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spectively, suggested that NRR-activating T-ALL mutations
might also display similar ADAM preferences. If this were the
case, ADAM17-specific inhibitors could be considered an al-
ternative therapeutic rationale to target pathological signaling
induced by ADAM17, while excluding normal Notch signaling
mediated by ADAM10. Indeed, the current stumbling block to
effective treatment of T-ALL using �-secretase inhibitors is the
severe toxicity resulting from disruption of normal Notch sig-
naling (46). However, examination of a number of well-char-
acterized T-ALL mutations revealed a requirement for
ADAM10, suggesting that this protease might contribute to
the constitutive signaling intrinsic to these activating muta-
tions. Although the T-ALL mutations displayed an anticipated
preference for ADAM17 in constitutive signaling, not all were
as sensitive to metalloprotease blockade as they were to inhi-
bition of �-secretase. The increased resistance to metallopro-
tease inhibition suggests that either additional proteases acti-
vate these T-ALL mutants or perhaps they signal independent
of S2 cleavage and/or rely on S1 cleavage by furin proteases for
intrinsic activity. Even though the signaling activity of the T-
ALL mutants could be increased by ligand, suggesting cleavage
at the cell surface, the specific cellular compartment that fa-
cilitates ligand-independent signaling by these mutants is un-
known. Nonetheless, the observed differences in requirements
for activating proteases suggest that the conformational
changes mediated by these T-ALL mutations must be distinct
from those induced by either ligand, EDTA, or the specific
mutations encoded by the N1CC3SS construct. Together, our
studies suggest that the N1 mutations associated with leukemia
have undergone selection to expand the repertoire of proteases
competent to activate N1. Enhanced protease sensitivity would
ensure efficient signaling by �-secretase, underscoring the im-
portance of developing �-secretase-based therapies that selec-
tively inhibit pathological signaling with limited effects on nor-
mal Notch signaling.

ADAM10 and ADAM17 have overlapping and distinct sub-
strates, and ectodomain shedding by these proteases can be
induced by a number of stimuli (8); however, the molecular
basis of ADAM substrate specificity is not well understood.
Interestingly, under certain conditions, ADAM10 can be in-
duced to process substrates normally cleaved only by
ADAM17 (24), and the alteration in substrate specificity is
linked to changes in ADAM activity (16). In contrast, our
studies suggest that while N1 is a substrate for both ADAM10
and ADAM17, the particular activating conformation induced
in either a ligand-dependent or -independent context deter-
mines which protease cleaves N1. In this regard, unlike many
proteases that recognize and cleave consensus primary amino
acid sequences, ADAMs rely on structural motifs that harbor
the cleavage site close to the membrane (8). In fact, T-ALL
mutations that displace the S2 site in N1 away from the mem-
brane facilitate constitutive metalloprotease processing in the
absence of NRR destabilization (30, 54), suggesting that posi-
tioning the S2 site near the cell surface prevents unregulated
proteolysis and activation of signaling. In fact, placement of the
S2 site close to the membrane offers an additional level of
regulation, since ADAM membrane tethering would further
restrict substrate access and cleavage. In support of this idea,
large amounts of soluble MMP7, which is unrestricted in mem-

brane orientation, are able to cleave Notch independent of
ligand (51).

The molecular basis for the ADAM10 selectivity in ligand-
induced activation of Notch signaling is unclear; however, it
does not reflect the need for ADAM10 to bind EGF-like re-
peats that contain the ligand binding domain, since T-ALL
mutants lacking these sequences required ADAM10 for full
constitutive signaling capacity. The strong dependence on li-
gand for ADAM10 in normal Notch signaling is reminiscent of
the regulated proteolytic cleavage of ephrin-A2 by ADAM10,
which requires the formation of ligand-receptor signaling com-
plexes for efficient proteolysis (18). In this regard, ligand could
position ADAM10 for efficient Notch cleavage, or ADAM10
interactions with ligand-Notch complexes could enhance pro-
tease activity. However, given the strong role for ligand in
overriding the Notch protease-resistant state, we favor the idea
that ligand induces global conformational changes in the NRR
that are critical for ADAM10 to recognize, access, and/or
cleave N1 at the S2 site. Our findings suggest that structural
changes in NRR conformation, induced by ligand and required
to override the autoinhibitory state, must not allow ADAM17
recognition and/or cleavage. Our data identifying ADAM10 as
the relevant S2 protease may appear inconsistent with previous
reports; however, it is important to note that the previous
studies (3, 36) were actually measuring ligand-independent
Notch activation that we show requires ADAM17, yet extrap-
olated their findings to signaling induced by ligand that is
ADAM10 dependent.

Based on our finding with three different mammalian cell
types, we conclude that cleavage of N1 by either ADAM10 or
ADAM17 may require distinct N1 conformations. Therefore,
in addition to exposing the S2 site, we propose that ligand-
dependent and -independent global conformational changes in
N1 might also direct selection of the activating protease. To-
gether, our studies have identified mechanistic differences be-
tween ligand-induced and ligand-independent Notch signaling
not previously appreciated. Future structural studies are re-
quired to understand the molecular basis of these differences.
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