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In mammals, there are four NOTCH receptors and five Delta-Jagged-type ligands regulating many aspects of embryonic devel-
opment and adult tissue homeostasis. NOTCH proteins are type I transmembrane receptors that interact with ligands on adja-
cent cells and are activated by regulated intramembrane proteolysis (RIP). The activation mechanism of NOTCH1 receptors
upon ligand binding is well understood and requires cleavage by ADAM10 metalloproteases prior to intramembranous cleavage
by �-secretase. How the other human NOTCH receptor homologues are activated upon ligand binding is not known. Here, we
dissect the proteolytic activation mechanism of the NOTCH2 and NOTCH3 receptors. We show that NOTCH2 and NOTCH3
signaling can be triggered by both Delta-Jagged-type ligands and requires ADAM10 and presenilin-1 or -2. Importantly, we did
not find any role for the highly related ADAM17/TACE (tumor necrosis factor alpha-converting enzyme) protease in ligand-in-
duced NOTCH2 or NOTCH3 signaling. These results demonstrate that canonical ligand-induced proteolysis of the NOTCH1, -2,
and -3 receptors strictly depends on consecutive cleavage of these receptors by ADAM10 and the presenilin-containing �-secre-
tase complex, leading to transcriptional activation.

NOTCH signaling is a cell-cell communication pathway regu-
lating cell fate decisions and cell renewal in developing em-

bryos and adult animal tissues (1). Mammalian cells have four
NOTCH receptors and five DSL (Delta and Serrate in Drosophila
and LAG-2 in Caenorhabditis elegans) ligands. NOTCH receptors
and ligands are type I transmembrane proteins that interact be-
tween neighboring cells, and the activation mechanism is gov-
erned by a highly regulated proteolytic cascade leading to tran-
scriptional activation by cleaved NOTCH proteins in the nucleus
(2, 3). During maturation in the trans-Golgi network, Notch poly-
peptides are cleaved by furin at site 1 (S1) and presented at the cell
surface as noncovalently linked heterodimers. In the absence of
ligand, NOTCH receptors are in an autoinhibited state main-
tained by the NOTCH negative regulatory region (NRR), which
contains the three Lin12-Notch repeats (LNR) and the NOTCH
heterodimerization domain (HD) (4). Ligand binding unfolds the
NRR, allowing access to ADAM10 metalloprotease, which cleaves
the Notch1 ectodomain at Val1711 or site 2 (S2) (2). Next, the
membrane-tethered Notch intracellular domain is cleaved at site 3
(S3) by the intramembranous �-secretase complex, leading to the
release of the NOTCH intracellular domain (NICD), which trans-
locates to the nucleus and binds to the nuclear DNA-bound re-
pressor protein RBP-J� or CSL (named after CBF-1 in mammals,
Suppressor of Hairless in Drosophila, and Lag-2 in C. elegans) to
activate NOTCH target gene transcription (3). The �-secretase
complex consists of four main components: the aspartyl protease
presenilin-1 (PS-1) or PS-2, nicastrin (Nct), presenilin enhancer 2
(PEN-2), and anterior pharynx-defective 1 (APH-1), which can be
expressed as two isoforms depending on alternative splicing. Mice
lacking Psen1 are embryonic lethal and resemble Notch1-deficient
mice, and PS-1- and -2-deficient cells are defective in Notch1
cleavage and transcriptional activation (5, 6). Notch2-deficient
mice show phenotypes similar to those reported in Notch1-defi-
cient mice, but in a later time frame, and die around embryonic
day 11.5 (E11.5) with massive cell death in the nervous system (7).
In contrast, Notch3-deficient mice are viable and develop nor-

mally (8). PS-1 appears to be the main protease implicated in
NICD formation for all four Notch proteins (9, 10), whereas PS-2
seems to play a less important and redundant role in Notch1 cleav-
age (11–13). While the activation mechanism and key players in-
volved during ligand-dependent activation are well described for
Notch1 (2, 14), the proteases implicated in the activation mecha-
nism of Notch2 and Notch3 upon ligand binding are not well
understood.

In adult tissues, Notch2 is expressed during development, is
preferably expressed in mature B cells, and is required for the
generation of splenic marginal zone B cells (15). Recently,
Adam10 has been implicated in this process, although a direct
effect of ADAM10 on Notch2 cleavage has not been shown (16).
NOTCH3 is expressed in a wide variety of tissues during develop-
ment, but in adult tissues it is mainly expressed in the smooth
vascular muscle cells (17). The overall structure of NOTCH3 re-
sembles that of NOTCH1 and NOTCH2 proteins. Important dif-
ferences, however, are the absence of parts of epidermal growth
factor (EGF) repeats 2 and 3, the lack of EGF repeat 21 in the
extracellular domain, and a shorter C-terminal domain lacking
the conserved transcriptional activation domain in NOTCH3,
suggesting differences in ligand binding between receptors and
target gene activation between NOTCH isoforms (18). Of partic-
ular interest is that amino acid sequences in the regions that are
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subjected to proteolytic cleavage are highly conserved between
NOTCH receptors (19). All receptors and ligands have been im-
plicated in sporadic and familial syndromes caused by deregula-
tion of the canonical NOTCH pathway (20).

NOTCH2 is found to be deregulated in Alagille (21) and
Hajdu-Cheney (22) syndromes, and mutated NOTCH3 receptors
are found in CADASIL (cerebral autosomal dominant arteriopa-
thy with subcortical infarcts and leukoencephalopathy), a hered-
itary cerebrovascular disease characterized by tissue ischemia and
stroke due to malfunctioning of smooth muscle cells (17). Muta-
tions in NOTCH1 are associated with abnormalities of the aortic
heart valve, and patients are more susceptible to thoracic aortic
aneurysms (23, 24). More important are NOTCH1 receptor mu-
tations found in the cancer leading directly to T-cell acute lym-
phoblastic leukemia (T-ALL) (25, 26). Genome sequencing has
identified mutations in NOTCH2 and NOTCH3 in carcinomas of
the ovary and in squamous head-and-neck and lung cancers, al-
though the consequence of many of these mutations on NOTCH
activity is not known (27). In solid breast tumors, expression of
NOTCH2 is associated with a better overall survival and with dif-
ferentiated tumors (28), whereas expression and amplification of
NOTCH3 are prognostic for outcome in ovarian cancer and asso-
ciated with resistance to alkylating chemotherapeutics (29).

In summary, NOTCH receptors are increasingly implicated in
human disease processes, yet until now, little has been known
about their mechanism of activation. Here, we investigated
NOTCH2 and NOTCH3 receptor proteolysis and activation in
ligand-dependent signaling using gain- and loss-of-function ap-
proaches. Our studies show that ADAM10 metalloproteases and
the �-secretase complex containing presenilins are required in the
regulation of NOTCH2 and NOTCH3 proteolysis and transcrip-
tional activation upon ligand binding in a manner similar to that
of NOTCH1.

MATERIALS AND METHODS
Description of plasmids and expression vectors. All constructs were
generated using traditional cloning methods and were fully verified
by DNA sequencing. The full-length human NOTCH3 vectors used
are pLVX-puro-hNOTCH3-FLAG-HA and pcDNA5/FRT-hNOTCH3-
FLAG-HA; these constructs, derived from the human NOTCH3 cDNA, a
kind gift from T. Wang (30), contain the code for a 1- to 2,321-amino-acid
(aa) transcript (identical to NCBI reference sequence NP_000426.2) of
hNOTCH3 protein with, fused to the C terminus, a sequential FLAG and
hemagglutinin (HA) tag followed by a stop. The construct pcDNA5/FRT-
hN3�E-�PEST-FLAG-HA for hNOTCH3 aa 1501 to 1792 utilizes the
signal peptide of hNOTCH1 at the N terminus and has, fused to the
C terminus, a sequential FLAG and HA tag. The full-length human
NOTCH2 vectors used are pLVX-puro-hNOTCH2-FLAG-HA and
pcDNA5-FRT-hNOTCH2-FLAG-HA. These constructs were derived
from human NOTCH2 cDNA, a kind gift from I. Prudovsky, and contain
the code for a 1- to 2,471-aa transcript (identical to NCBI reference se-
quence AAA36377.2, with the exception of amino acids A2079V,
delQ2263, and Y2264H) of the hNOTCH2 protein with, fused to the C
terminus, a sequential FLAG and HA tag followed by a stop. Both un-
tagged pQCXIH-mTACE/Adam17 (where TACE is TNF-� converting
enzyme) and pQCXIH-mKUZ/Adam10 bear the 5= untranslated region
(UTR), transcription initiation site, and coding sequences (CDS) contain-
ing cDNAs of these genes until the original stop codon. Untagged human
pLBCX-PSEN1wt was a kind gift of S. Weggen (31). MYC-tagged pBABE-
puro-hJAGGED2 was a kind gift from J. P. Di Santo (32). pAP-hTNF-�-
MYC-HIS was a gift of C. P. Blobel (33), and pAP-TGF� was a kind gift of
S. Higashiyama (34). Lenti-ADAM short hairpin RNA (shRNA) interfer-

ence vectors were a kind gift of F. M. Hess and A. Ludwig (35). The
pGL4.24-12xCSL NOTCH luciferase reporter and pGL4.74 TK-hRL vec-
tor were described previously (36). pCMV-Gaussia was obtained from
New England Biolabs (NEB).

Cell lines. Adam and PS1/2�/� knockout (KO) cell lines were as de-
scribed previously (37–40). U2OS, HEK293, 293FT, and NIH 3T3 cells
were maintained in high-glucose Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal calf serum (FCS) and, for NIH
3T3 cells, with 10% newborn calf serum (NCS). OP9 and TSt-4 cells were
maintained as described previously (2, 41). Pseudo- or lentiviral particles
were produced in 293FT cells, and transgenes were packaged using the
Lenti-X system (Clontech) according to the manufacturer’s instructions
or as described previously (35, 42). Stable cell lines were generated by
repetitive viral transduction and selected as polyclonal lines, continuously
maintained with medium supplemented with hygromycin, puromycin, or
blasticidin prior to experiments. Transfections with plasmid DNA of cells
were performed using linear polyethylenimine (P-PEI; Polysciences Inc.)
or FuGENE (Promega), with the exception of AD10/17dKO cells or de-
rivative lines. These cells were transected using an Amaxa Nucleofector
protocol for mouse embryonic fibroblasts (MEFs) according to the man-
ufacturer’s instructions.

Western blotting. In all experiments, equal amounts of cells, deter-
mined by using an automated Z2 cell counter (Beckman Coulter), were
used prior to transfection, seeding, and starting monotypic and cocul-
tures. For Western blot analysis, cultures of cells were quickly rinsed with
phosphate-buffered saline (PBS) and then scraped in Laemmli loading
buffer and immediately boiled, vortexed, and spun down. Proteins were
separated on 6%, 7.5%, or 15% gradient or purchased 4 to 12% gradient
(Bio-Rad) Tris-HCl SDS-PAGE gels, as needed, and transferred onto
polyvinylidene difluoride (PVDF) membranes. Protein detection was
performed with subsequent primary antibodies: mouse anti-Myc (9E10),
rabbit anti-HA (Sigma), rabbit anti-cleaved Notch1-1744 (Cell Signal-
ing), mouse anti-�-actin (MP Biomedicals), mouse anti-aryl hydrocar-
bon receptor nuclear translocator (anti-ARNT; BD Transduction Labo-
ratories), rabbit anti-Adam10 (a kind gift of S. Weber or Genetex), rabbit
anti-Adam17/TACE (GeneTex), rabbit anti-Jagged1 (Santa Cruz), rabbit
anti-Jagged2 (Santa Cruz), mouse anti-PS-1 (Chemicon), rabbit anti-
NOTCH2 antibody and rabbit anti-PS-2 (Cell Signaling), goat anti-Delta
(Santa Cruz), and rabbit anti-lamin A/C (Sigma). Secondary antibodies
used were anti-mouse and anti-rabbit IgG– horseradish peroxidase (HRP;
Cell Signaling) and donkey anti-goat HRP-linked antibodies (Santa
Cruz). ECL (Amersham Biosciences) was used for visualization as de-
scribed by the manufacturer.

qRT-PCR. Total RNA from monotypic cell lines was isolated using
NucleoSpin RNA II (Macherey-Nagel). Real-time quantitative PCR
(qRT-PCR) was performed as described previously (43). Most primer sets
were published previously (42, 44), with the exception of ADAM10 and
ADAM17 primer sets (see Table S1 in the supplemental material).

Chemicals and cell-based assays. Dimethyl sulfoxide (DMSO; Sigma)
or a �-secretase inhibitor (GSI) (dibenzazepine [DBZ], 200 nM; Syncon,
Groningen, Netherlands) was added to cell cultures 6 h after transfection
and at the start of a monotypic culture or cocultures, and this was main-
tained no longer than 16 h, or else chemical-containing medium was
replaced. Batimastat (BB94; Syncon, Groningen, Netherlands) was used
at a concentration of 10 �M in coculture experiments and 5 �M in shed-
ding experiments. Cells were coated overnight with Dll4-Fc (5 �g/ml;
R&D Systems), 0.1% bovine serum albumin (BSA), and 0.2% gelatin in
PBS at 4°C and rinsed once before they were plated. Alkaline phosphatase
(AP) shedding of tumor necrosis factor alpha (TNF-�) and transforming
growth factor � (TGF-�) by phorbol myristate acetate (PMA; 100 ng/ml;
Sigma) was measured 1 h after stimulation in the medium according to
the protocol described in reference 45 with the Phospha-Light system of
Applied Biosystems, and Gaussia luciferase was measured with
the BioLux Gaussia luciferase assay kit of NEB, according to the
manufacturer’s instructions, on a Fluostar Omega plate reader (BMG
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Labtech). Additionally, this plate reader was used to measure dual-lucif-
erase activity, in Notch reporter gene assays; 16 h after initiated cocultures,
cells were washed, lysed, and measured, as described by the manufacturer
(dual-luciferase reporter [DLR] assay system; Promega).

RESULTS
Ligand-induced cleavage of NOTCH2 and NOTCH3. To study
ligand-dependent signaling and processing of NOTCH3 recep-
tors, we transduced U2OS cells with an HA-tagged human full-
length NOTCH3 lentiviral expression vector and cocultured these
with wild-type OP9 cells (control) or OP9 cells overexpressing
Delta-like1 (Dll1). In the absence of ligand, an unprocessed full-
length precursor product (FL) migrated at a molecular mass of
	260 kDa, and a faster-migrating product at the 	90-kDa frag-
ment could be observed, which we designated trans-membrane
and intracellular fragment (TMIC). Coculturing with OP9-Dll1
cells resulted in a reduction of the 	90-kDa fragment and the
appearance of a faster-migrating product that accumulated when
�-secretase activity was blocked using �-secretase inhibitors, sim-
ilar to the S2/NOTCH extracellular truncation (NEXT) cleavage
fragment observed during ligand-induced Notch1 proteolysis
(39). We therefore designated this fragment N3EXT (Fig. 1A).

We next used the same coculture approach to study Jagged-
induced proteolytic activation of human NOTCH2 and NOTCH3.
Both Jagged1 (J1) and Jagged2 (J2) induced a ligand-dependent
formation of N2EXT and N3EXT, which accumulated upon treat-
ment with GSI. NOTCH2 TMIC migrates at 	110 kDa, with
N2EXT migrating at a slightly lower band (Fig. 1B). Furthermore,
Delta-like4 (Dll4) ligand overexpression on murine thymic stro-
mal TSt-4 cells also activated NOTCH3 and led to N3EXT (Fig.
1C). Dll4 mRNA expression in these cells is approximately 2,500-
fold higher than in parental TSt-4 cells (see Fig. S1A in the sup-
plemental material). Likewise, N2EXT was also readily formed
when NOTCH2-HA-expressing cells were cocultured with Dll1-
or Dll4-expressing cells (Fig. 1D). By means of the C-terminal tag,
NOTCH2 proteins can be detected as precursor (FL) and mature
NOTCH2 TMIC proteins, migrating at 	300 and 	110 kDa, re-
spectively. A combination of coculture with ligand-expressing
cells and GSI allowed detection of a faster-migrating additional
band designated N2EXT (Fig. 1D). NOTCH2 and NOTCH3 show
an identical patterning by proteolytic cleavage on Western blots,
indicating that all four ligands (Dll1, Dll4, Jagged1, and Jagged2)
activate NOTCH2 and NOTCH3 S2 cleavage to form N2EXT and
N3EXT, albeit to a different extent (Fig. 1A to D). Coculture of
NOTCH2- and NOTCH3-expressing cells with Dll4-Fc-coated
plates also induced the formation of endogenous N2EXT and
N3EXT in a manner similar to that of TSt-4 –Dll4 cells (Fig. 2A; see
also Fig. S1C in the supplemental material). Importantly, endog-
enous human N2EXT was also induced in a similar manner in
untransfected HEK293 cells when stimulated with either Delta or
Jagged ligand (see Fig. S1B in the supplemental material).

Next, we measured ligand-induced NOTCH3 transcriptional
activity in a coculture system, using a synthetic Notch reporter
gene construct carrying 12 copies of the RBP-J�/CSL binding el-
ement driving luciferase and NOTCH3 in NIH 3T3 murine fibro-
blasts. Both Dll1 and Dll4 ligands strongly induced NOTCH3-
dependent reporter gene activity. Similarly, J1 and J2 induced
NOTCH3-dependent activity, albeit in a less pronounced manner
than Dll1/4 ligands (Fig. 1E). For NOTCH2, we observed a con-
sistent induction of luciferase reporter gene activity in U2OS cells

upon stimulation with DSL ligands compared to parental cells,
albeit to a different extent for the different ligands tested here (Fig.
1F). Overall, NOTCH2 activation was more robust and more re-
sponsive to Jagged1/2 ligands than was NOTCH3 activation. In
contrast, Dll1 activated NOTCH3 receptors better than did Jag-
ged1 and -2 ligands. In all experiments, reporter luciferase activity
was blocked by GSI, indicating that this activity was dependent on
cleavage of NOTCH receptors by �-secretase (Fig. 1E and F).
Taken together, all DSL ligands induce S2 cleavage of NOTCH2
and NOTCH3 receptors, resulting in transcriptional activation.

Both presenilin-1 and -2 cleave NOTCH2 and NOTCH3 pro-
teins. Vertebrates have two presenilin genes (PSEN1 and PSEN2),
which encode the PS-1 and PS-2 proteins. Both proteins are as-
partyl proteases and part of the �-secretase complex. Since inhi-
bition of �-secretase by GSI led to the accumulation of N2EXT
and N3EXT and blocked NOTCH transcriptional activity (Fig. 1),
we studied the involvement of both presenilins in NEXT forma-
tion. In cells deficient for both PS1/2, stimulation with OP9-J1
cells or with soluble Dll4-Fc led to the accumulation of endoge-
nous N2EXT. Accumulation of N2EXT was not influenced by
pretreatment with GSI, demonstrating that this fragment is S2-
cleaved Notch2 upstream of S3/�-secretase cleavage. Reexpres-
sion of either PS-1 or PS-2 in PS1/2 double knockout (dKO) cells
rescued S3/�-secretase processing induced by OP9-J1 or Dll4-Fc,
which could be inhibited by GSI, leading to N2EXT accumulation.
Importantly, the formation of endogenous N2EXT was com-
pletely blocked when cells were incubated with the broad-spec-
trum metalloprotease inhibitor batimastat (BB94) (Fig. 2A). Next,
we measured Notch-dependent transcriptional reporter activity
in presenilin-deficient and -reconstituted cells. Only in cells re-
constituted with either PSEN-1 or -2, ligand-dependent signaling
that could be blocked by GSI was observed (Fig. 2B). Similarly, we
studied the involvement of presenilins in NOTCH3 ligand-depen-
dent activation. Similar to Notch2, NOTCH3 S3/�-secretase ac-
tivity required PS-1 and PS-2, and reconstitution with either
PSEN1 or PSEN2 was sufficient to induce NOTCH3 cleavage
upon Dll1 stimulation (compare Fig. 2C with Fig. 1A).

NOTCH3 receptors lacking EGF-LNR are constitutively ac-
tive, and the PEST domain regulates N3ICD turnover. Because
we could not detect the S3/NICD-cleaved fragments of either
NOTCH2 or NOTCH3 in our experiments, we hypothesized that
because their NOTCH intracellular domains have a proline (P),
glutamate (E), serine (S), and threonine (T) (PEST)-rich se-
quence, this led to their rapid degradation (9, 46, 47). To enable
detection of S3 fragments of Notch1, constructs with deleted
PEST domains or cleavage-specific antibodies have been used
mostly (2). To study N3ICD formation from N3EXT, we gener-
ated NOTCH3 fusion proteins lacking the extracellular ligand
binding epidermal growth factor-like (EGF) and Lin12-NOTCH
repeats (LNR), leaving the heterodimerization domain (HD) in-
tact and a deleted PEST domain. These hN3�E-�PEST proteins
are highly transcriptionally active, independent of ligand, but re-
main dependent on S3/�-secretase cleavage for their activity (our
unpublished observations). hN3�E-�PEST proteins produced
truncated N3EXT fragments in PS1/2dKO (Fig. 2D). Moreover, in
PS1/2dKO cells reconstituted with PSEN1, N3EXT was processed
to an 	30-kDa product consistent with the calculated molecular
mass of N3ICD-�PEST. The addition of GSI blocked N3ICD for-
mation and led to the accumulation of N3EXT (Fig. 2D). Taken
together, these data indicate that PS-1 induces N3EXT cleavage
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FIG 1 Human NOTCH2 and NOTCH3 proteolytic processing and transcriptional activation are triggered by DSL ligands. (A) Coculture experiment of U2OS
NOTCH3-HA cells and OP9 parental or Dll1-expressing cells in the absence or presence of GSI. DMSO was used as a vehicle control. (Top panel) HA
immunoblotting of cell lysates shows expression of both the full-length (FL) NOTCH3 precursor and mature, S1-processed, NOTCH3 TMIC. Dll1 stimulation
leads to activation and diminished levels of NOTCH3 TMIC and accumulation of N3EXT in the presence of GSI. (Middle panel) Dll1 immunoblotting confirms
expression of Dll1, which is absent in OP9 parental cells. (Bottom panel) Lamin A/C immunoblotting serves as a loading control (Ctrl). (B) Coculture experiment
of U2OS NOTCH2-HA- and NOTCH3-HA-expressing cells with OP9 parental or Jagged1 (J1)- or Jagged2 (J2)-overexpressing cells in the absence or presence
of GSI. (Top two panels) Stimulation by J1 and J2 leads to activation and diminished levels of NOTCH2 and NOTCH3 TMIC. N2EXT and N3EXT accumulate
in the presence of GSI. (Middle two panels) Immunoblotting confirms expression of J1 and J2, which are absent in OP9 parental cells. (Bottom panel) �-Actin
immunoblotting serves as a loading control (Ctrl). (C) Coculture experiment of U2OS NOTCH3-HA cells on top of TSt-4 parental or Dll4-overexpressing cells
in the absence or presence of GSI. HA immunoblotting shows that Dll4 stimulation leads to NOTCH3 receptor proteolysis diminished TMIC expression and
GSI-dependent accumulation of N3EXT (short exposure). (D) Coculture experiment of U2OS NOTCH2-HA-expressing cells with Dll1 or TSt-4 parental and
TSt-4 –Dll4-overexpressing cells in the absence or presence of GSI. HA immunoblotting of cell lysates shows expression of both the full-length (FL) NOTCH2
precursor and S1-processed NOTCH2 TMIC. Dll1 (left) and Dll4 (right) were able to activate NOTCH2 proteolytic processing, as accumulation of N2EXT
fragments could be visualized by addition of GSI. Molecular mass marker proteins are indicated. (E and F) Dual NOTCH (CSL) luciferase reporter gene activity,
corrected for Renilla luciferase expression, in either 3T3 cells expressing NOTCH3 (E) or U2OS cells expressing NOTCH2 (F). In response to coculture with
ligand-expressing cells, an increased transcriptional activation was observed in comparison to coculture without ligand (OP9/TSt-4), which was completely
blocked by GSI treatment. NOTCH-dependent signals were in parental cells arbitrarily set to 1. Measurements correspond to at least two experiments in triplicate
and are displayed as relative light units (RLU). Error bars represent means 
 standard deviations.
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and produces N3ICD, which is very unstable, similar to what was
seen for NOTCH1 and NOTCH2, and could be detected only
when degradation was blocked by removal of the PEST domain
(Fig. 2D).

N2EXT and N3EXT are generated by the metalloprotease
Adam10 and not Adam17. Upon ligand stimulation, murine
Notch1 is sequentially cleaved by the Adam10 metalloprotease at
S2-Val1711 and S3/�-secretase at Val1744. There is no role for the

highly related protease Adam17 in ligand-dependent Notch1 sig-
naling (2). Here, we utilized fibroblasts lacking both Adam10 and
Adam17 (Adam10/17dKO) (48) to study the requirements of
these proteases in S2 processing for endogenous proteins and in
cells transfected with NOTCH2 and NOTCH3 receptors. In par-
allel, Adam10/17dKO cells were generated with either murine
ADAM10 or Adam17 expression by viral transduction, which re-
sulted in stable mRNA (see Fig. S2A in the supplemental material)

FIG 2 Notch2 and NOTCH3 proteolytic processing is regulated by presenilin-1 or -2. (A) Immunoblots showing expression of endogenous Notch2 in lysates from
mouse embryonic fibroblasts (mEF) with double knockout for presenilin-1 and -2 (PS1/2dKO) or reconstituted with presenilin-1 (PSEN1) or 2 (PSEN2) (top panel),
in coculture with OP9-J1 cells (second panel) or with coated Dll4-Fc molecules (third panel) in the absence or presence of GSI and GSI/BB94 (fourth panel).
Immunoblots for presenilin-1 and -2 proteins (PS-1 and PS-2) show reconstitution of the respective presenilin, as indicated. ARNT (aryl hydrocarbon receptor nuclear
translocator) served as a loading control (Ctrl). PS1/2dKO cells were unable to S3 process Notch2, indicated by accumulated N2EXT fragments after stimulation by either
J1 or recombinant Dll4-Fc molecules. In the cells with PSEN1 or PSEN2, N2EXT fragments were observed only in the presence of GSI. Treatment with BB94 abrogates
formation of N2EXT, indicating that the formation of N2EXT is dependent on metalloproteases. (B) Dual Notch (CSL) luciferase reporter gene activity, corrected for
Renilla luciferase expression, in either PS1/2dKO cells or cells reconstituted with presenilin-1 (PS-1) or -2 (PS-2). In response to coculture with Jagged1-
expressing cells, a �-secretase-dependent increased transcriptional activation was observed only in cells reconstituted with either PS-1 or PS-2 and not in
PS1/2dKO cells. All values were normalized to DMSO-treated PS1/2dKO cells and arbitrarily set to 1. Measurements correspond to at least two experiments in
triplicate and are displayed as relative light units (RLU). Error bars represent means 
 standard deviations. (C) Coculture experiment of NOTCH3-HA-
expressing PS1/2dKO cells reconstituted with either PSEN1 or PSEN2, Adam10KO, and Adam17KO cells with Dll1-expressing cells compared to OP9 parental
cells. HA immunoblots show diminished levels of TMIC after stimulation with Dll1. (Top three panels) N3EXT fragments accumulate in the absence of presenilin
proteins, whereas in the presence of either PSEN1 or PSEN2, N3EXT accumulation was observed only when treated with GSI. (Bottom two panels) N3EXT
fragments were absent in Adam10KO cells but not in Adam17KO cells after stimulation by Dll1 in the presence of GSI. (D) (Top) HA immunoblotting of cell
lysates of nontransfected PS1/2dKO and PSEN1 reconstituted cells or transfected with an EGF repeat and PEST domain NOTCH3-HA deletion construct
(hN3�E-�PEST) in the absence or presence of GSI. N3EXT accumulation was observed in hNOTCH3�E-�PEST-expressing PS1/2dKO cells without ligand
stimulation. In PS1/2dKO cells reconstituted with PSEN1, N3EXT accumulation could be observed only in the presence of GSI. Furthermore, truncated N3ICD
fragments were observed in PS1/2dKO cells reconstituted with PSEN1, which were absent in the presence of GSI. (Bottom) Immunoblot showing PS-1 expression
with a nonspecific band (ns). Molecular masses are indicated.
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and protein expression of Adam10 and Adam17 (Fig. 3A and B).
Since Adam10/17dKO fibroblasts express endogenous Notch1
and Notch2, we first determined transcriptional activation in the
absence and presence of Adam10 or Adam17 proteases upon co-
culture with ligand. Only in cells where Adam10 was reintroduced
was �-secretase transcriptional activation of the Notch reporter
gene observed in response to ligand (Fig. 3C). In Adam10/17dKO
fibroblasts reconstituted with Adam17, no NOTCH-dependent
RBP-J�/CSL reporter activity was observed. To confirm that
Adam17 was catalytically active, we transfected cells with alkaline
phosphatase (AP)-tagged TNF-� or TGF-� expression vectors
that are selectively shed by Adam17 after stimulation with phorbol

12-myristate 13-acetate (PMA) (48). Only in Adam17-reconsti-
tuted cells was increased AP shedding, both constitutive and PMA
induced, into the culture supernatant detected, confirming
Adam17 catalytic activity in these cells. This activity was fully
blocked by the addition of the metalloprotease inhibitor BB94
(Fig. 3D). Because Adam10/17dKO cells do not express detectable
levels of ligand, they are deficient in endogenous Notch1 and -2
cleavage and transcriptional activation of the Notch pathway even
when Adam10 or -17 is reconstituted (see Fig. S2C in the supple-
mental material). Only when stimulated with ligand in Adam10-
expressing but not Adam17-expressing cells are Notch1 and
Notch2 cleaved (Fig. 4A; see also Fig. S2C and D in the supple-

FIG 3 Characterization and functional analysis of Adam10/17dKO or Adam10/Adam17-reconstituted MEFs. (A and B) Immunoblotting with Adam10 and
Adam17 antibodies on lysates from Adam10/17dKO MEF cells reconstituted with either Adam10 (A10) or Adam17 (A17). Pro- and mature Adam10 proteins
could be detected only in Adam10-reconstituted Adam10/17dKO or OP9 cells (Ctrl), whereas Adam17 pro- and mature proteins were detected only in
Adam17-reconstituted Adam10/17dKO or Ctrl cells. Molecular masses are indicated. (C) Firefly luciferase transcriptional Notch CSL reporter activity in
Adam10/17dKO cells, reconstituted with either Adam10 or Adam17, cocultured with OP9-Dll1 cells. Regulated Notch reporter activity in light units (LU) could
be measured only in cells expressing Adam10, which could be inhibited by GSI. Measurements were arbitrarily set to GSI values and correspond to at least two
experiments in triplicate. Error bars represent means 
 standard deviations. (D) AP-TNF-�- and AP-TGF-�-transfected Adam10/17dKO-J2 MEF cells recon-
stituted with either Adam10 or Adam17 were stimulated with DMSO (vehicle), BB94 (5 �M), PMA (100 ng/ml), or both BB94 and PMA. Gaussia luciferase
excretion, unaffected by any of the stimuli, was used as an internal control. Medium was analyzed 1 h after stimulation for the presence of shed AP-TNF-� and
AP-TGF-� molecules by enzymatic conversion of substrate into light units and normalized to Gaussia luciferase values. AP activity measurements of BB94-
treated cells were arbitrarily set to 1. TGF-� shedding in dKO only cells could not be detected. Both constitutive and regulated PMA-induced TNF-� and TGF-�
shedding could be observed only in cells expressing Adam17. Furthermore, shedding of both regulated and constitutive TNF-� and TGF-� is blocked by the
addition of BB94. Measurements correspond to experiments performed in triplicate and are displayed in RLU. Error bars represent means 
 standard deviations.
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FIG 4 Ligand-dependent NOTCH2 and NOTCH3 signaling requires Adam10. (A) Immunoblots on cell lysates of monotypic coculture experiments with
Adam10/17dKO-JAGGED2 cells, reconstituted with either Adam10 or Adam17 treated with DMSO or GSI. Blots were probed with antibodies for Notch2,
N1ICD (Val1744), Myc (JAGGED2), Adam10, or Adam17. Endogenous N2EXT can accumulate only in the presence of Adam10 and GSI. Endogenous
activated Notch1 (Val1744) could be detected only in cultures of cells expressing Adam10 and is inhibited by GSI. Overexpression of Adam17 did not lead
to proteolysis of either endogenous Notch1 or Notch2. Molecular masses are indicated. (B) Relative Hes1 mRNA expression in Adam10/17dKO-
JAGGED2 cells, reconstituted with either Adam10 or Adam17, subjected to monotypic coculture experiments in the absence or presence of GSI. Hes1
mRNA expression was induced only in the presence of Adam10 and could be completely blocked by GSI treatment. Experiments were performed in
triplicate. Error bars represent means and standard deviations. (C) Coculture experiment of NOTCH2-HA-expressing Adam10/17dKO cells, reconsti-
tuted with either Adam10 or Adam17 with J1-expressing cells compared to parental OP9 cells. Panels display HA immunoblots of cell lysates as indicated.
Diminished levels of NOTCH2 TMIC indicative of J1-dependent NOTCH2 processing were found in all cell types in the absence or presence of GSI. Upon
activation, N2EXT fragments accumulated in cells expressing Adam10 by the addition of GSI (middle) and not in the presence of Adam17 (bottom). (D)
Coculture experiment of NOTCH3-HA-expressing Adam10/17dKO cells, reconstituted with either Adam10 or Adam17 with Dll1-expressing cells
compared to parental OP9 cells. Diminished levels of NOTCH3 TMIC are shown by HA immunoblotting upon activation. Genuine N3EXT accumulation
was observed only after GSI treatment in the presence of Adam10 (middle) and not in the presence of Adam17 (bottom). (E) Immunoblotting of Adam10
and Adam17 endogenous proteins in Adam10 or Adam17 single knockout cells with OP9 cells as a positive control. (F) Immunoblotting for endogenous
Notch2 in Adam10 or Adam17 single knockout cells cultured on coated Dll4-Fc molecules shows the formation of N2EXT to be Adam10 dependent, as
N2EXT formation could not be observed in Adam10 knockout cells. In Adam17 knockout cells, treatment with GSI leads to the formation and
accumulation of an N2EXT fragment. Molecular masses are indicated.
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mental material), leading to RBP-J�/CSL transcriptional activa-
tion and restoration of the mRNA expression of NOTCH target
genes Hes1 (Fig. 4B) and Hey1 (see Fig. S2B in the supplemental
material).

Similarly, in Adam10/17dKO cells transduced with exogenous
HA-tagged NOTCH2 (Fig. 4C) or NOTCH3 (Fig. 4D), S2 cleavage
occurred only in the presence of Adam10 and ligand stimulation.
In neither case did Adam17/TACE restore ligand-dependent S2
cleavage. In accordance, ligand-induced formation of N3EXT is
completely abolished in independently derived Adam10KO cells
but not in Adam17KO cells (Fig. 2C). Both mature forms and
proforms of Adam10 or Adam17 are expressed in, respectively,
Adam10 and Adam17 single-KO cells (Fig. 4E). Similar to
NOTCH3, coculture of these cells with coated Dll4-Fc ligand re-
vealed the accumulation of endogenous N2EXT in the presence of
GSI only in Adam17- but not in Adam10-deficient cells (Fig. 4F).
Interestingly, we observed that in cells lacking both Adam10 and
Adam17, ligand stimulation still reduced the membrane-bound
TMIC of Notch1, Notch2, and Notch3 in a manner similar to that
of wild-type cells (Fig. 1 and 4C and D and data not shown).
However, the appearance of NEXT-like cleavage fragments was
not dependent on Adam17 or �-secretase activity.

To further substantiate our findings, we used U2OS cells stably
expressing shRNA against human ADAM10 and ADAM17 (U2OS
double knockdown [dKD]); we obtained silencing up to 	95% of
ADAM10 and ADAM17 mRNA expression. No N3EXT in re-
sponse to ligand compared to cells expressing a control scrambled
shRNA (U2OS SCR) was observed (see Fig. S3A in the supplemen-
tal material). As expected, silencing of both Adam10 and Adam17
showed a strong reduction in NOTCH3-dependent RBP-J�/CSL
transcriptional reporter gene activity (see Fig. S3B in the supple-
mental material). Taken together, these results lend further sup-
port to the key role of ADAM10 in ligand-induced NOTCH re-
ceptor proteolysis.

DISCUSSION

Previously, both our group and others have established that the
Adam10 metalloprotease, but not Adam17, is essential in ligand-
induced extracellular cleavage of Notch1 in cellular models and in
vivo (2, 14, 49, 50). While much knowledge on Notch1 regulation
in many different systems exists, relatively little is known about
the activation mechanisms of the NOTCH2, NOTCH3, and
NOTCH4 receptors in mammalian cells. Here, we disclose the
proteolytic mechanism of ligand-induced human NOTCH2 and
NOTCH3 receptor activation. We show that NOTCH2 and
NOTCH3 receptor stimulation with Dll1, Dll4, J1, and J2 ligand-
expressing cells or via recombinant Dll4-Fc induces a proteolytic
cascade, which requires activity of the metalloprotease Adam10
and �-secretase to lead to transcriptional activation of target
genes. We found no role for the highly related TNF-� converting
enzyme (TACE), also known as the Adam17 protease, in ligand-
dependent signaling through the NOTCH1, NOTCH2, and
NOTCH3 receptors.

Previously, it was demonstrated that murine NOTCH2 inter-
acted with DSL ligands with different affinities in vitro and in cells,
which resulted in receptor cleavage and target gene activation (51,
52). In these experiments, the S2/S3 cascade was not directly stud-
ied and the involvement of metalloproteases was not addressed.
Here we show that DSL ligands can activate both endogenous
murine and human NOTCH2, that the formation of N2EXT is a

prerequisite in ligand-dependent downstream activation of
NOTCH2 by ligands, and that this is blocked when cells are
treated with a broad-spectrum metalloprotease inhibitor, bati-
mastat. Similarly, the NOTCH3 extracellular domain has been
shown to bind with different affinities to recombinant DSL li-
gands in vitro, suggesting that they could act as a ligand in cells
(53); however, to the best of our knowledge, a comprehensive
analysis of this is lacking. Here we show that all DSL ligands can
trigger the NOTCH3 cleavage cascade, as we found for NOTCH2,
leading to the formation of an extracellular truncated NOTCH3
receptor (N3EXT), which acts as a substrate for presenilin/�-
secretase-dependent cleavage producing N3ICD.

We therefore conclude that ligand-dependent NOTCH2 and
NOTCH3 signaling follows the regulated intramembranous pro-
teolysis cascade, similar to what is seen with NOTCH1 proteins
(39). We show that human N2EXT and N3EXT are also subject to
�-secretase cleavage and that both presenilin-1 and -2 are suffi-
cient to cleave NOTCH2 or NOTCH3. In our studies, we could
not directly demonstrate the presence of human N2ICD and
N3ICD, perhaps because these fragments comigrated with
NOTCH2/3 TMIC, possibly due to phosphorylation (9, 10, 54).
By using truncated NOTCH3 mutants lacking the PEST domain,
we were able to demonstrate that N3ICD is formed in these and
depends on the activity of PS-1.

PS-1 is best known for its involvement in the RIP of many
substrates (55), and cells lacking PS-1 are deficient in proteolysis
of both NOTCH and amyloid precursor protein (APP), the best-
known physiological substrates (5). Mice lacking Psen1 only or
both PSEN1 and -2 are embryonic lethal and exhibit Notch1-
associated deficiencies in hematopoiesis, somitogenesis, and neu-
rogenesis (6, 56). Mice lacking only Psen2, however, are viable,
have no apparent NOTCH1 phenotype, and have no defects in
APP cleavage (38). Mice lacking Notch3 develop normally, are
viable and fertile, and cannot compensate for lack of NOTCH1
during embryogenesis (8).

Our study indicates that NOTCH2 and NOTCH3 are sub-
strates for S3/�-secretase complex cleavage containing either PS-1
or PS-2 proteins. Because NOTCH3 is nonessential for embryo-
genesis, its function may become apparent only in a temporal and
spatial manner in adult tissues. Like the Notch receptors, PS-1 and
-2 proteins have evolved differently. PS-1 appears to be crucial
both during embryogenesis and in adult tissues, and its most im-
portant substrate seems to be NOTCH1. The relative importance
of PS-1 versus PS-2 in Notch2 and Notch3 activation in adult
tissues is not clear. Interestingly, we found that in the absence of
Psen1, human NOTCH2 and -3 are also substrates for PS-2. Ex-
pression studies did not show any colocalization between
NOTCH2 and NOTCH3 with PS-2 in human embryos, but these
receptors did colocalize with PS-1 in the neuroepithelial layer, like
NOTCH1 (57). Although previous studies, using coimmunopre-
cipitation, have also shown PS-2 to be able to bind with truncated
Notch2 and Notch3 proteins (9), we provide the first functional
evidence that PS-2 is also capable of producing N2ICD and
N3ICD in mammalian cells. Conditional tissue-specific Psen1-de-
ficient mice are needed to assess whether PS-2 can also function as
a NOTCH2 and NOTCH3 intramembrane protease in vivo.

We observed that in the absence of Adam10, Notch receptors
were being processed, as evidenced by the accumulation of pro-
teolytic fragments with sizes approximately similar to that of
NEXT, as well as a reduction in the cell surface S1/TMIC-cleaved
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forms. In contrast to wild-type signaling, these NEXT-like frag-
ments formed in the absence of a �-secretase inhibitor and did not
lead to transcriptional activation. While we present no evidence to
that effect here, we speculate that ligand-induced processing of
NOTCH receptors in the absence of Adam10 could be a protec-
tion mechanism against the accumulation of “unused” NOTCH
receptors at the cell surface, which may interfere with other sig-
naling pathways or block other NOTCH ligand receptor interac-
tions. This would ensure that when all components are present,
ligand-receptor engagement would immediately lead to activation
of the proteolytic cascade. While this is an interesting hypothesis,
experimental proof for this is still lacking.

Using Adam10/17-deficient fibroblasts, we show for the first
time that for ligand-dependent Notch2 and Notch3 signaling,
Adam10 is absolutely required. TACE/Adam17 is neither neces-
sary nor sufficient to rescue the endogenous Notch signaling de-
fect in Adam10-deficient cells. Taken together, our data show that
ligand-dependent human NOTCH2 and NOTCH3 signaling also
follows the same paradigm upon ligand binding, i.e., cleavage of
the receptors into the S2-cleaved NEXT fragment by the metallo-
protease Adam10, followed by �-secretase-dependent formation
of NICD and transcriptional activation. Recently, it was shown
that overexpression of membrane type I matrix metalloproteinase
(MT1-MMP) could activate endogenous Notch1 in the absence of
Adam10 and -17 (58). Using the same Adam10/17dKO cells, we
show that these cells express no ligand and are deficient in Notch
signaling. Only after ligand stimulation and reintroduction of
Adam10 can Notch1 be cleaved and be transcriptionally active.
Therefore, we infer that MT1-MMP overexpression may be in-
volved in ligand-independent activation of Notch receptors,
which we have not addressed here. This would be an interesting
topic for further studies.

Adam17/TACE is crucial for the shedding of many signaling
molecules, such as betacellulin, ICAM, TNF-�, L-Selectin, and
TGF-�, as shown in experiments using Adam10-, Adam17-, or
Adam10/17-deficient fibroblasts (40, 48). Recently, in vitro studies
have demonstrated that recombinant human NOTCH2 peptides
are a substrate for Adam17/TACE. In these experiments, ADAM10
was shown to be less efficient in NOTCH2 cleavage (59). Also, for
NOTCH1, in vitro cleavage assays using Adam17/TACE protease
have not been predictive for its role in ligand-dependent signaling
in cultured cells or in vivo, therefore questioning the validity of
recombinant (Adam17) protease and substrates in vitro. This is
likely because purified proteins or peptides do not reflect the nat-
ural and complex environment in which the NRR must be folded
and maintained. Indeed, only functional studies in mammalian
cells directly proved that Adam10, and not Adam17, is responsible
for ligand-induced shedding of NOTCH1 to -3 at S2 (2, 50), as
well as this study. There is increasing evidence, however, that in
ligand-independent Notch1 signaling, for example, in the case of
mutated Notch1 receptors in T-ALL, other proteases like Adam17
may be involved in addition to Adam10 (14, 60). Whether this also
holds true for the other Notch2, -3, and -4 receptors is currently
not known. Such differential protease involvement may be ex-
ploited by specifically targeting Notch in diseased tissues only,
while leaving Notch signaling in normal tissues less affected.

In summary, we demonstrate that the proteolytic cascade of
canonical ligand-dependent signaling through Notch receptors is
conserved and requires Adam10. Specific inhibitors targeting
ADAM10 may be beneficial in diseases in which canonical ligand-

dependent Notch signaling is affected. Caution against such ap-
proaches is warranted, however, because of the increasing evi-
dence of loss-of-function mutations in diseases such as cancer.
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