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Notch signaling is controlled by ligand binding, which unfolds
a negative control region to induce proteolytic cleavage of the
receptor. First, a membrane-proximal cleavage is executed by
a metalloprotease, removing the extracellular domain. This
allows 7y-secretase to execute a second cleavage within the
Notch transmembrane domain, which releases the intracellular
domain to enter the nucleus. Here we show that the ADAM10
metalloprotease Kuzbanian, but not ADAM17/tumor necrosis
factor a-converting enzyme, plays an essential role in executing
ligand-induced extracellular cleavage at site 2 (S2) in cells and
localizes this step to the plasma membrane. Importantly,
genetic or pharmacological inhibition of metalloproteases still
allowed extracellular cleavage of Notch, indicating the presence
of unknown proteases with the ability to cleave at S2. Gain of
function mutations identified in human cancers and in model
organisms that map to the negative control region alleviate the
requirement for ligand binding for extracellular cleavage to
occur. Because cancer-causing Notchl mutations also depend
on (rate-limiting) S2 proteolysis, the identity of these alternative
proteases has important implications for understanding Notch
activation in normal and cancer cells.

The Notch signaling pathway plays multiple essential func-
tions during metazoan development and in adult tissues where
it controls homeostatic self-renewal, differentiation, prolifera-
tion, and apoptosis (1). Notch receptors are type I transmem-
brane glycoproteins that undergo furin cleavage at site 1 (S1)*
during transit to the cell surface. S1-cleaved Notch proteins
accumulate at the plasma membrane as heterodimeric
polypeptides composed of the Notch extracellular domain
(NECD) and a transmembrane and intracellular domain held
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together by the heterodimerization domain (HD). In the
absence of ligand, a negative regulatory region (NRR) com-
posed of the globular HD domain and the overlaying Lin12/
Notch repeats (LNR) prevents access of proteases and thus pre-
vents activation of Notch (2-4). Ligand binding to Notch
receptors unfolds the NRR permitting cleavage by a metallo-
protease at a site close to the membrane (S2). This removes
NECD (5) producing a short lived NH,-terminal fragment that
becomes a substrate for the aspartyl protease presenilin, a com-
ponent of the y-secretase complex (6, 7). y-Secretase executes
an intramembrane cleavage at site 3 (S3), which releases the
Notch intracellular domain (NICD). NICD translocates to the
nucleus and mediates target gene transcription after it associ-
ates with the CSL protein (8) (Fig. 1A4). S3 cleavage is essential
for canonical Notch signaling in vivo (9-11).

The rate-limiting step in Notch activation appears to be NRR
unfolding (2, 3), which facilitates S2 cleavage directly or after
HD dissociation at S1 (12). Several lines of evidence support
this sequence of events. First, Notch proteins lacking NECD are
constitutively cleaved by y-secretase (5), causing cancer in mice
and humans (13, 14). Second, receptors lacking only the epider-
mal growth factor repeats but containing the NRR are function-
ally inert. Third, NRR mutations relax autoinhibition acting as
y-secretase-dependent gain of function mutations (2, 10,
15-17). Fourth, missense mutations in the HD domain desta-
bilize the NRR and occur at high frequency in human T-cell
acute lymphocytic leukemia (T-ALL) (18). It has been well
established that HD domain mutations cause ligand-indepen-
dent S2 cleavage (5, 17); however, the identity of the enzymes
involved is poorly understood.

Notchl S2 cleavage is sensitive to the metalloprotease inhib-
itor 1,10-phenanthroline (5) and attenuated in cells lacking the
ADAM17 protease tumor necrosis factor a-converting enzyme
(TACE) (19). ADAMs or disintegrin and metalloproteases are
membrane-bound zinc-dependent enzymes of the metzincin
clan that have diverse roles in adhesion and proteolytic cleavage
of numerous cell surface signaling molecules in normal home-
ostasis and disease (20). In vitro, TACE cleaves Notchl just
outside the transmembrane region between residues Ala'”*°
and Val'”*! (19); the same site is used for cleavage of Notchl in
transfected cells (5). However, Tace-deficient mice or flies do
not phenocopy the Notch1 phenotype suggesting that TACE is
either redundant with another protease or is a tissue-specific
Notchl S2-protease in vivo (21, 22). In contrast, mice lacking
Adam10 die at day 9.5 of embryogenesis with reduced neuronal
Hes5 expression resembling Notchl-null embryos (24), and
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T-cell-specific deletion of AdamIO0 in vivo phenocopied the
Notchl null phenotype during thymocyte development (25).
However, mouse embryonic fibroblasts lacking Adam 10 have
no apparent defect in ligand-independent Notchl processing
(5, 24). In contrast to this ambiguity in vertebrates, in flies the
ADAM10 homolog Kuzbanian (Kuz) binds dNotch directly and
is the major enzyme involved in Notch cleavage and signaling
(22, 23).

Understanding the precise role of ADAMI10 in Notch signal-
ing has been further complicated by the fact that Kuz has also
been reported to cleave Notch ligands in flies (26) and mamma-
lian cells (27-29). Whereas in flies this task is shared with an
ADAM10/Kuz homolog (Kuz-like or Kul) that is dedicated to
cleavage of the Notch ligand Delta (30), no Kul homolog has
been identified in mammals thus far. Therefore, the phenotypes
attributed to ADAMI0 loss in mammals could reflect com-
pound phenotypes due to defects in the cleavage of Notch,
Delta, or both.

Because the identity of enzyme(s) cleaving Notchl at S2
remains controversial, we characterized Notchl cleavage in
ligand-dependent and -independent signaling and mapped the
amino acids required for cleavage. We find that ADAM10, but
not ADAM17/TACE, is essential for catalyzing ligand-induced
S2 cleavage. This step occurs at the plasma membrane, sugges-
tive of a similar localization for the subsequent cleavage by
y-secretase. Importantly, genetic or pharmacological inhibi-
tion of metalloproteases still permits S2 cleavage, indicating
that multiple proteases have the ability to cleave Notchl. Our
findings provide further insight into the mechanism of Notch1
activation in normal and cancer cells. Elucidating the proteo-
lytic machinery leading to Notchl activation is important
because inhibition of this rate-limiting step using targeted
drugs may offer novel treatment options in Notchl-related
diseases.

EXPERIMENTAL PROCEDURES

Plasmids and Vectors—All mNotchl plasmids were initially
cloned into pCS2+6Myc as described (16). Notchl LNR and
Notchl AE (supplemental Fig. 1A) were constructed as
described previously. Notchl Aice (supplemental Fig. 1B) is
made by deleting part of the NICD and inserting a 6Myc tag
after Gly'”>> (31). Notchl GV16 fusion proteins are made by
inserting a Gal4VP16 lacking an internal ATG via a unique
SgrAl site after the transmembrane domain. Notchl mCherry
fusions were made by PCR-directed cloning and removal of the
6Myc for replacement with the mCherry gene. Site-directed
mutagenesis was performed using the QuikChange kit accord-
ing to the manufacturer’s instructions (Stratagene). All mutant
constructs were sequence-verified. A construct containing
4xCSL synthetic binding sites in tandem (PJA23) was used for
Notch transcription assays (kindly provided by D. Hayward).
For Notchl GV16 cleavage assays, an FR-Luc construct con-
taining 5xGal4 DNA-binding sites (Stratagene) was used. For
normalization of the luciferase assays, a cytomegalovirus-
driven Renilla luciferase (Promega) was used. The LZRS
Jaggedl construct was a gift from B. Blom. A plasmid express-
ing stable HIF1« was described earlier (32).
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Antibodies—The Notch1 Val'”*! antibody was generated by
immunizing chickens with the peptide VKSEPVE. Total IgY
was isolated from yolks using the IgY purification kit (Pierce),
and the antibody was affinity-purified using the SulfoLink
immobilization kit for peptides (Thermo Scientific). Eluted
antibody was dialyzed in PBS. Antibodies used in Western anal-
ysis are as follows: Notch1 C-20 1:500 (Santa Cruz Biotechnol-
ogy); Val*”*! 1:1000, Val'”** 1:1000 (Cell Signaling); Myc 9E10
1:5000, Jagl H-114 1:1000 (Santa Cruz Biotechnology); DIl1
C-20 1:1000 (Santa Cruz Biotechnology); and TACE 1:2000
(GeneTex).

Cell Lines—OP9-wt, OP9-Jagl, and OP9-DII1 (33) (a gift
from B. Blom AMC, Amsterdam, The Netherlands) were cul-
tured in a-minimum Eagle’s medium (Invitrogen) supple-
mented with 20% fetal calf serum and 8-mercaptoethanol (100
uMm). Adami0, Adam17, Adam9/12/15 wild type and knock-
out cells (5, 21, 34), U20S, HeLa, Phoenix, and HeLaN1 cells
(35) were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal calf serum and 100
uM B-mercaptoethanol. HeLaN1 cells were maintained in the
same medium with G418 (800 pg/ml). HEK293 cells were cul-
tured in RPMI 1640 medium (Invitrogen) supplemented with
5% fetal calf serum. NIH-3T3 cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10%
normal calf serum. Co-cultures were in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum.
Transfections of HEK293, HeLa, and U20S were performed
using polyethyleneimine (Polysciences Inc.). NIH-3T3 were
transfected by calcium phosphate using BBS buffer.

Western Blotting—Cells were lysed in RIPA buffer (150 mm
NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mm
Tris pH 8.0) for 20 min at 4 °C. Lysates were spun down for 15
min at 14,000 rpm at 4 °C. Supernatant was added to 2X Lae-
mmli buffer. Samples were boiled for 5 min and loaded onto
SDS-PAGE.

Immunoprecipitation—Cells were lysed in ColP buffer (200
mM KCI, 25 mMm Hepes pH 7.4, 20 mMm NaF, 1% Nonidet P-40,
and 0.2 mm EGTA, protease inhibitor mixture (Roche Applied
Science)) for 20 min at 4 °C. DNA was sheared using a syringe
and centrifuged for 15 min at 4 °C. Input samples were taken,
and 2 ug of Notchl C-20 antibody was added for 6 h at 4 °C to
precipitate endogenous Notchl. Protein A-Sepharose 4B beads
(Zymed Laboratories Inc.) were added overnight to retrieve
antibody-bound protein. Samples were washed three times in
lysis buffer, 3X PBS, and were taken in 2X Laemmli buffer with
50 mm dithiothreitol. Samples were run on SDS-PAGE, and
proteins were detected by immunoblotting and ECL (Amer-
sham Biosciences).

Chemicals—Drugs were added 24 h after transfection for
16 h. APMA (250 um), PMA (50 ng/ml), E-64 (10 um), o, -anti-
trypsin (3 pg/ml), chymostatin (50 um), antipain (50 ug/ml),
and Ser-Cys protease inhibitor mixture (P1860) were from
Sigma. GM6001 (50 um), TAPI-2 (100 pum), DAPT (1 um), and
B-secretase inhibitor (1 ug/ml) were from Calbiochem.
GW280264 and GI254023 (10 um) were gifts from A. Ludwig
(Aachen, Germany). BB94 (10 um) and dibenzazepine (0.2 um)
were from Syncom (Groningen, The Netherlands).
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EDTA Stimulation—Cells were washed twice in 1X Hanks’
balanced salt solution buffer (Invitrogen) and incubated in 1X
Hanks’ balanced salt solution buffer containing 5 mm EDTA for
15 min at 37 °C in the presence or absence of GSI. Buffer was
replaced with medium and incubated for 60 min at 37 °C.

Immunohistochemistry—Cells were fixed with 4% paraform-
aldehyde for 10 min and incubated in 20 mm ammonium chlo-
ride for 10 min. Cells were blocked in NET-gel buffer (50 mm
Tris pH 7.4, 150 mMm NaCl, 5 mm EDTA, 0.05% Nonidet P-40,
0.25% gelatin), and Val'”'" and Val'”** antibodies were incu-
bated at 1:100 dilution in NET-gel buffer. Secondary donkey
anti-chicken fluorescein isothiocyanate (Jackson Immuno-
Research) and swine anti-rabbit fluorescein isothiocyanate
(Dako) were used at 1:100 in NET-gel buffer. Nuclei were
stained with TO-PRO3. Slides were analyzed on a Leica SP2
CLSM.

Luciferase Assays—Cells were transfected with firefly-lucif-
erase reporters containing 4xCSL-binding sites and cytomega-
lovirus promoter driven Renilla luciferase as a transfection con-
trol. S3 cleavage reporter assays were performed using Notchl
GV16 fusion constructs and a firefly-luciferase reporter pFR-
luc containing 5xGal4 DNA-binding sites (Stratagene). Cyto-
megalovirus-Renilla luciferase was used as a transfection con-
trol, and signals are given as fold firefly/Renilla corrected for
background.

Viral Transduction—Phoenix ecotropic receptor-expressing
cells were transfected with LZRS-Jagl using PEI. After 24 h
medium was replaced, and 24 h later supernatant with Poly-
brene (1:1000; Sigma) was used to infect target cells, already
pretreated with Polybrene (1:1000). The following day cells
were washed, trypsinized, and used for co-culture experiments.

Surface Biotinylation—Transfected cells were washed with
ice-cold PBS supplemented with 1 mm MgCl, and 0.1 mm CaCl,
(PBS*™) on ice and incubated with 0.5 mg/ml NHS-biotin
(Pierce) for 20 min. Reaction was stopped by addition of 1 vol-
ume of 100 mM glycine/PBS™ " and washed twice with 50 mm
glycine/PBS* . Cells were lysed in RIPA buffer; DNA was
sheared using a syringe, and the lysate was spun down at 14,000
rpm at 4 °C. After input, samples were taken, and streptavidin-
coupled agarose beads (Pierce) were added to the supernatant
and incubated for 90 min. Samples were washed three times in
RIPA and three times in PBS, boiled in Laemmli buffer, and
analyzed by PAGE.

RESULTS

Notchl Cleavage in Vivo Occurs at Val'”"'—Using constitu-
tively active Notch1 proteins, the S2 cleavage site was identified
previously in cultured cells (5) and in vitro (19) to lie between
residues Ala'”'° and Val'”*'. To determine whether during
Notchl signaling NECD cleavage occurred at this position, we
generated a peptide-specific antibody (aVal'”'!) against the
seven NH,-terminal residues (NH,-VKSEPVE) exposed after
cleavage of mouse Notchl1 in cell-free assays.

The Val'”"! antibody was first validated in HEK293 cells tran-
siently transfected with a ligand-independent mouse Notch1 con-
struct lacking the epidermal growth factor repeats and contain-
ing the HD gain of function mutation L1594P found in T-ALL
(LNR; supplemental Fig. S1A) (18). Immunoblotting of trans-
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fected cell lysates using the S3 cleavage-specific antibody
Val'”** indicated that L1594P mutation-containing proteins
were cleaved by y-secretase, whereas wild type LNR proteins
were not. RBP-Jk/CSL-luciferase reporter assays confirmed
that inserting the L1594P mutation resulted in ligand-indepen-
dent activation (Fig. 1, Band C). Val'”** cleavage can be blocked
by the y-secretase inhibitors (GSI) dibenzazepine and DAPT,
leading to loss of luciferase activity in cells expressing L1594P.
SDS-PAGE analysis of lysates from GSI-treated cells followed
by anti-Myc immunoblotting revealed accumulation of a frag-
ment with lower mobility migrating just below the transmem-
brane and intracellular domain fragment, consistent with
NEXT (the S2 cleavage product; Fig. 1B) (5). Probing these blots
for Val'”'! confirmed that cells expressing mutant (active) but
not wild type (inactive) Notchl LNR proteins contained the
epitope detectable by aVal'”!". Inclusion of the immunization
peptide completely blocked Val'”'! detection, whereas a con-
trol Notch2-derived peptide had no effect, establishing speci-
ficity. Importantly, this fragment was identified only when cells
were cultured in the presence of GSIs, confirming the follow-
ing: 1) that proteolysis at Val'”! precedes y-secretase cleavage
at Val'”*%, and 2) demonstrates a very short half-life for the
S2-cleaved NEXT fragment suggesting S2 and S3 may occur in
the same cellular compartment (5).

It is possible that mutant Notchl molecules are cleaved at a
different scissile bond than ligand-activated receptors. We
therefore investigated whether ligand-dependent Notchl sig-
naling produced the Val'”*! epitope by co-culturing HeLaN1
cells, stably expressing mNotch1 (35), with the OP9 bone mar-
row stromal cell line stably expressing Jaggedl or Deltal (33).
Ligand stimulation of HeLaN1 leads to S3 cleavage of Notch1,
readily detected with aVal'”** (Fig. 2A). GSI treatment blocked
ligand-induced transcriptional reporter activation and resulted
in the accumulation of aVal'”!'-detectable S2 fragments in
both Jaggedl and DII1 stimulated cells with similar efficiency.
Thus, ligand-induced Notch1 signaling leads to NECD cleavage
at Val'’'!,

During the course of these experiments, we found that OP9
cells express low levels of Notchl that could be efficiently
immunoprecipitated with Notch1 antibodies (Fig. 2B). We rea-
soned that OP9 ligand-expressing cells may therefore undergo
endogenous ligand-dependent Notchl signaling (36). Extracts
from confluent OP9-Jagged]l cells contain Notchl receptors
cleaved at Val'”** (Fig. 2B). OP9-control cells expressed Notch1
that was not cleaved in the absence of ligand. Furthermore,
upon GSI treatment, in both OP9-Jagl and OP9-DII1, but notin
control OP9 cells, endogenous Notchl receptors were cleaved
at Val'”*! (Fig. 2B). Thus, ligand stimulation of endogenous
Notchl also proceeds through consecutive cleavage at Val'”*!
and Val'”** in mammalian cells.

Next, we investigated if cleavage at Va occurred in con-
stitutively active Notchl proteins harboring other HD muta-
tions found in human T-ALL patients (17, 18) or in gain of
function alleles identified in genetic screens in flies (10) and
worms (15). These mutations were introduced into the inactive
mouse N1LNR-6Myc expression construct and transfected in
HEK?293 cells (Fig. 3 and supplemental Fig. 2). All LNR mutant
proteins were expressed at comparable levels, and all were
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mulate at least some aVal'”!'-reac-
tive fragments. We found no clear
correlation between transcriptional
output and the extent of Val'’!!
cleavage in Notchl LNR S1597N,
suggesting cleavage may occur also
at a different site not detected with
our antibody.

Collectively, these results dem-
onstrate that endogenous Notchl
activation by either Jaggedl or Del-
tal ligands triggers cleavage at
Val'”'1, as do mutations in the NRR
that lead to ligand-independent
activity. S2-cleaved Notch1 proteins
form excellent vy-secretase sub-
strates and are thus rapidly con-
verted to S3-cleaved molecules in
mammalian cells. These data con-
firm that the aVal'’'' antibody
detects ligand-induced Notchl
cleavage in mammalian cells.

No Strict Requirement for Specific
Amino Acids at the S2 Site—
To further investigate if the amino
acid composition as S2 was impor-
tant for proteolysis, we inserted
mutations at the P1-P1’ cleavage
site S2. Notchl proteins with a
mutant S2 site (A1710V/V1711H)
are not cleaved in vitro by TACE
(19). To investigate if these muta-
tions also impaired Notchl signal-
ing, we introduced them into full-
length Notchl molecules and
transfected the mutant cDNA into

gsi HEK293 or U20S cells (only
HEK293 shown). We artificially
induced heterodimer dissociation
with EDTA (38) to induce Notch

FIGURE 1. A, diagram depicting S1, S2, and S3 cleavage steps leading to NICD production and activity; see text for ~ activity. After EDTA treatment,
details. Boxed area indicates immunization peptide sequence. B, immunoblot showing expression of wild type (WT)  wild type Notchl was cleaved at S3,

and T-ALL mutant (L1594P) LNR 6Myc proteins transfected in HEK293 cells. Upper panel, anti-Myc immunoblot
showing equal expression levels of transfected constructs. S7, S2, and S3 cleavage products are indicated. Lower

and this step could be blocked by

panel, Val'”* immunoblot for S3-cleaved Notch1 showing NICD formation in L1594P but not in the inactive wild ~ GSI (Fig. 4A4). As seen with ligand
type. NICD production and Val'”#* staining is blocked by inhibition of y-secretase by GSIs DAPT and dibenzazepine. stimulation (Fig. 2) (12), EDTA

Middle panels, accumulation of S2-cleaved Notch1 detected by Val'”'" only seen upon GSl treatment and concom-
itant loss of Val'”**/NICD in panel below. Val'”"" only observed in active L1594P mutant and not in wild type. Note

treatment induced S2 cleavage at

accumulation of S2-cleaved Notch1 fragments is also observed in Mycimmunoblot for L1594P upon GSl treatment. Val'’'! in GSI-treated cells (Fig.

Incubation with the immunization peptide (N7) prevents detection of S2-cleaved Notch1 by Va
peptide against hNotch2 (N2) does not block immunoreactivity. C, Notch-CSL transcription reporter assay in U20S

1711 and control

4A). Unexpectedly, Notch1 carrying

cells showing wild type LNR 6Myc compared with LNR L1594P 6Myc, which is 5-fold more active. Notch1 activity is the AV — VH mutation was also
attenuated using GSI. TMIC, transmembrane and intracellular domain; DBZ, dibenzazepine.

furin-cleaved (albeit to a different extent) as shown by anti-Myc
immunoblots from cell lysates (17). In the absence of HD muta-
tions, LNR molecules were only weakly active (37). In contrast,
LNR molecules containing HD mutations were more active in
reporter assays and produced Val'’**-cleaved NICD in a
y-secretase-dependent manner (Fig. 3, A and B, and supple-
mental Fig. 2, A and B). Upon GSI treatment, all mutants accu-
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S3-cleaved prior to EDTA stimula-
tion, consistent with ligand-inde-

pendent activation. Cleavage of the various Notch molecules
was also tested in a sensitive assay based on replacement of
NICD with a fusion protein between the Gal4-DNA binding
domain and the VP16 transactivation domain (39). Upon
y-secretase cleavage, the GV16 is released from the membrane
to activate luciferase transcription from a promoter containing
artificial Gal4-binding sites. The Notch1-GV16 cleavage assay
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FIGURE 2. Ligand-induced Notch1 signaling leads to Val'”'" S2 cleavage.
A, co-culture of wild type-, Jagged1- (Jagl), and Deltal (DII1)-expressing
murine OP9 cells with mouse Notch1-expressing HeLaN1 (HN7). Immunopre-
cipitation (IP) for Notch1 shows Notch1 receptor expression. Immunoblot for
Val'”** and Val'”"" shows that both Jag1 and DII1 induce NICD, which is
blocked by GSls. Both DII1 and Jag1 induce S2 cleavage at Val'”'! seen upon
GSl treatment. Lower panel, expression of Jagged1 and Deltal in OP9-trans-
duced cells. No ligand expression is observed in HN1 cells. B, activation of
endogenous Notch1 signaling by ligand stimulation in OP9 cells proceeds
through Val'”"" proteolysis. Imnmunoprecipitation shows OP9 ligand-express-
ing cells also express endogenous Notch1 receptor. OP9-Jag1 and OP9-DII1
cultures undergo ligand-dependent Notch1 signaling to produce S2-cleaved
Notch1 at Val'’"". OP9 cells not expressing ligand do not activate Notch1
cleavage at Val'”"" or Val'”7*4,

was used to evaluate protease activity (Fig. 4, B and C). Notchl
full-length molecules carrying the L1594P mutation were
already active and cleaved at Val'”'" and Val'”** in the absence
of ligand or EDTA (Fig. 44, lanes 9 and 10). Only a modest
increase could be seen after EDTA addition (Fig. 44, lanes 11
and 12). Notch1-GV16 containing AV — VH was active in the
absence of a stimulus (Fig. 4, B and C), confirming ligand-inde-
pendent cleavage. Interestingly, although neither cleavage nor
activity of AV — VH could be further induced by EDTA (Fig. 4,
A and B), ligand stimulation could further activate AV— VH
but not L1594P-containing molecules (Fig. 4C).

Next, we introduced the AV — VH mutation into the trun-
cated ligand-independent Notch1 molecules, LNR and AE (the
latter lacking the NRR domain). In cells transfected with LNR
AV — VH, basal RBP-Jk/CSL reporter activity and S3 cleavage
were increased compared with wild type LNR (supplemental
Fig. 2). In Notch1 AE, S2 cleavage still occurred at Val'”*" (sup-
plemental Fig. 34). However, the AV — VH mutation had no
effect on NICD production or transcriptional activity when
placed in the context of Notch1 AE (supplemental Fig. 3, A and
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cells. S7, S2, and S3 cleavage products are indicated. Lower panel, Val'’**
immunoblot shows all T-ALL mutants but not wild type (WT) LNR produce
NICD, which is inhibited by GSI. Middle panel shows Val'”'" cleavage in T-ALL
mutants but not wild type upon GSI treatment. B, transcriptional reporter
activity of LNR T-ALL mutants on CSL-fLuc reporter in HeLa cells. Shown is fold
Firefly luciferase (Fluc) activity corrected for Renilla luciferase (Rluc) transfec-
tion of LNR mutants over background. Note that the less efficient S2 and S3
cleavage of F1593Sand L1597H in A is also reflected in the reduced activity in
the CSL-fluc reporter assay. Luciferase assays are representative of at least
two independent experiments in triplicate; all mutants are significantly (p <
0.05) more active compared with wild type. TMIC, transmembrane and intra-
cellular domain.

-+
V1577E

C). Notchl Aice, a minimal Notchl mutant in which the extra-
cellular domain is missing and the entire intracellular domain is
replaced by 6Myc epitope tags (31), was also cleaved at Val'”*!
(supplemental Fig. 3B) indicating that the minimal sequence
requirements for S2 cleavage are contained within the 15 jux-
tamembrane amino acids encompassing Val'”'' and possibly
the Notchl TMD. These results are consistent with a model in
which S2 cleavage is not sequence-dependent; rather, the sub-
stitution V1711H may have destabilized the NRR leading to
promiscuous cleavage. As seen with y-secretase (40), the exact
composition of the scissile bond at S2 is not an important deter-
minant of cleavage.

Above, we speculated that the lack of correlation between
transcriptional output and the extent of S2 cleavage in LNR
S1597N could reflect cleavage away from S2. To examine this
possibility, we generated the LNR mutant A1710E in which
Val'”'! remained intact allowing detection with the aVal'”"!
antibody to monitor cleavage between Glu'”*®and Val'"*'. Like
the AV — VH molecules, the AV— EV mutant protein was
furin-cleaved and constitutively S3-cleaved at Val'”** (supple-
mental Fig. 4). Whereas L1594P-transfected cells treated with
GSI induced accumulation of S2-cleaved Notch1 detectable by
aVal'’*' and aMyc antibodies (see also Fig. 34), AV — EV-
transfected cells treated with GSI showed no accumulation of a
NEXT fragment (detected with aMyc) or of the Val'”** epitope
(supplemental Fig. 4). NEXT accumulation was not seen in
AV — VH as well (immunoreactivity with Val'”'! was not
expected because the epitope is lacking).

Collectively, these data show that HD mutations enhance
ligand-independent cleavage at a preferred site (Val'”'!), but
when this site is mutated, proteases cleave other scissile bonds.
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FIGURE 4. Val'”"" cleavage site mutation leads to ligand-independent
Notch1 cleavage and activity. A, Myc immunoblot of HEK293 cell lysates
transfected with wild type (WT), S2 cleavage mutant (AV — VH), and L1594P
full-length Notch1 6Myc constructs. Receptor dissociation and cleavage stim-
ulated by EDTA induce Val'”** and Val'”"" cleavage in wild type and L1594P
but not in AV — VH S2 cleavage mutant. L1594P and AV — VH mutants are
already Val'”#*-cleaved in the absence of EDTA. Val'”"" cleavage in AV — VH
cannot be monitored because of mutation of epitope. B, Notch1-GV16 cleav-
age reporter assay in Hela cells showing EDTA-induced cleavage of WT, AV —
VH, and L1594P mutants. AV —VH and L1594P are already highly active in the
absence of EDTA compared with wild type. C, Notch1-GV16 cleavage assay in
Hela cells co-cultured with OP9 wild type or Jagged1 cells showing that the
basal activity of AV — VH mutant and L1594P T-ALL mutant in absence of
ligand is severalfold higher than wild type. Whereas the activity of the AV —
VH mutant can be stimulated with Jagged1, L1594P T-ALL is not further stim-
ulated. Shown is fold Firefly luciferase (Fluc) activity corrected for Renilla lucif-
erase (Rluc) transfection of Notch1 6Myc constructs over background. Figure
is representative of at least two independent experiments in triplicate; p val-
ues are shown and calculated using a Student’s t test.

Alternatively, y-secretase cleavage occurs in the absence of S2
cleavage, perhaps because of dissociation of the heterodimer-
ization domain (12).

S2 Proteolysis Requires ADAM10/Kuz—The ADAM metal-
loprotease ADAM17 (TACE) and ADAMI10 (Kuz) have been
implicated in ectodomain shedding of Notch1 in mammals and
flies, respectively. To examine which protease is responsible for
cleaving Notch1l at Val'”*' upon ligand stimulation, we ana-
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FIGURE 5. ADAM10 is essential for endogenous Notch1 Val'”"" cleav-
age. A, Adam17-deficient cells are transduced with Jagged1 ligand and
used in co-culture experiments to stimulate wild type (WT) and Adam17-
deficient cells that express endogenous Notch 1 receptor. Immunoblotting
for Notch1, Val'”"", and Val'7#* shows no defect is observed in Notch1 cleav-
age in the absence of ADAM17. ko, knock-out. B, in contrast in cells lacking
ADAM10-expressing endogenous Notch1 receptor, S2 and S3 cleavages are
severely impaired compared with wild type cells. Jagged1 and TACE/
ADAM17 expression is shown. Asterisk indicates nonspecific reaction of TACE
antibody.

lyzed Notchl receptor cleavage in cells lacking ADAM pro-
teases. Adam17 knock-out mouse fibroblasts were co-cultured
with Adam17 knock-out cells transduced with a Jaggedl-ex-
pressing retrovirus. In the absence of Adaml17, endogenous
Notchl1 activation by ligand was similar to wild type cells, and
S2 cleavage occurred at Val'”'" and was followed by S3 cleavage
at Val'”** (Fig. 5A). Furthermore, ligand-induced Notchl
proteolysis proceeded normally in cells lacking Adam$9, -12,
and -15 (supplemental Fig. 5). In contrast, in cells lacking
Adam10, S2 cleavage at Val'”'' was dramatically reduced
when compared with wild type controls, resulting in reduced
S3 cleavage (Fig. 5B). As expected, AdamlO-deficient,
ligand-expressing cells were competent to induce Notchl
activation when co-cultured with wild type, Notchl-ex-
pressing cells. These results implicate ADAMI10 as the main
protease responsible for Notchl cleavage following DSL
ligand stimulation under physiological conditions. However,
because residual S2 cleavage was still observed in the
absence of ADAMI0 (Fig. 5B, arrowhead), other protease(s)
have the ability to cleave Notchl at Val'”!!, albeit ineffi-
ciently, in Adam10-deficient cells.

The constitutive activity of ADAM proteases in unstimu-
lated cells can be further induced through activation of protein
kinase C using phorbol ester PMA or the mercuric compound
APMA (41, 42). We hypothesized that constitutive shedding of
ligand-independent Notch1 can also be further induced by both
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FIGURE 6. Constitutive and regulated cleavage of Notch1 at S2. HEK293
cells transfected with LNR L1594P 6Myc. Upper panel, Mycimmunoblot. Lower
panel shows that the phorbol ester PMA and mercuric compound APMA stim-
ulate constitutive Val'”'" and Val'”** cleavage compared with vehicle-treated
cells.Note Val'”"" cleavage is observed even in the absence of GSl with APMA,
indicating Val'”"" cleavage is not indirectly caused by GSI.

compounds in cell-based assays. Both compounds enhanced
shedding of LNR L1594P mutant molecules, which increased
S3 cleavage (Fig. 6). Importantly, APMA dramatically enhanced
detection of the Val'”'! epitope even in the absence of GSI,
demonstrating that NEXT accumulation is not an indirect
effect of GSI and that local y-secretase activity could be satu-
rated in vivo by excess substrate (43).

82 Cleavage Occurs at the Cell Surface and Not in an Endo-
cytic Organelle— ADAM proteases are membrane-bound pro-
teases thought to cleave substrates at the cell surface. To inves-
tigate where Val'”!! cleavage occurred, we performed biotin
labeling and streptavidin pulldown from LNR CC — SS
(C1675S/C1682S)-transfected cells. This was efficiently
enriched for transmembrane and intracellular domain and
S2-Val'”'! Notch1 fragments, the latter labeled on Lys'”'?
(Fig. 7A). Full-length Notchl (present only in endoplasmic
reticulum and early Golgi) and S3-cleaved Notchl (intracellu-
lar) were not enriched by biotinylation. As an additional control,
we show that the cytoplasmic protein HIF1a could not be precip-
itated after biotinylation, demonstrating that biotin did not pass
the plasma membrane and label cellular proteins. Furthermore,
S2-Val'”"! enrichment was absent in non-biotin-treated cells. On
Myc immunoblots of input lysates, uncleaved full-length Notch1
and furin-processed Notch1 were detected as well as Val'”*' and
Val'7** cleavage products. These results are consistent with S2
cleavage at the plasma membrane.

Next, we used immunofluorescence to visualize the subcel-
lular compartment where Notchl cleavage occurred in cells
transfected with constitutively active LNR CC — SS-tagged
with monomeric Cherry (mCherry) fluorescent protein (sup-
plemental Fig. 1B). In the absence of GSI, Val'7** cleavage led to
nuclear accumulation of the Val'”** epitope in transfected cells
(Fig. 7B), and no Val*”*! staining was detected. Upon GSI inhi-
bition, Val'”** nuclear staining and nuclear mCherry were lost,
but Val'”!! staining was gained decorating the plasma mem-
brane in permeabilized cells. Although we observed co-local-
ization of LNR CC — SS-mCherry and Val'”*! staining in a few
cytoplasmic vesicles in the presence of GSI, the abundance of
cell surface staining suggests that internalization of S2-cleaved
Notch1 was secondary to S2 cleavage and not its primary loca-
tion. Similar results were obtained using L1594P, and no stain-
ing was observed using purified preimmune IgY antibodies
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FIGURE 7.Notch1 S2 cleavage occurs at the cell surface. A, upper panel, Myc
immunoblot of surface-biotinylated and streptavidin-precipitated U20S cells
transfected with the active LNR CC — SS 6Myc. Left upper panel shows input,
and right panel streptavidin pulldown (sAv-IP) of biotinylated cells. Lower pan-
els show corresponding Val'”"" and Val'”** immunoblots. Streptavidin pull-
down demonstrates S2-cleaved fragments enriched at the cell surface com-
pared with Val'”**-cleaved Notch present in input but not detected by
surface biotinylation. Streptavidin pulldown on U20S cells transfected with
FLAG-tagged HIF1« protein shows biotin did not label cytoplasmic proteins.
B, U20S cells transfected with LNR CC — SS mCherry are fixed and permeabi-
lized and used for immunofluorescent staining for Val'”''- and Val'7#4-
cleaved Notch1 (green). Val'’** staining is only present in absence of GSl,
whereas Val'”"'-cleaved molecules are only present in GSI-treated cells pre-
dominantly located at the cell membrane. Red fluorescence shows total
Notch1 expression. Val'”'"-positive vesicular structures are observed near
the cell surface. TMIC, transmembrane and intracellular domain.

(data not shown). Combined, these experiments show for the
first time that S2 cleavage of Notch1 receptors occurs at the cell
surface and strongly suggest that S3 cleavage follows in the
same compartment.

In Molecules Activated by T-ALL Mutations, ADAMI0 Is No
Longer Required for S2—Above, we detected hints that multi-
ple enzymes can cleave Notchl molecules once the NRR is
destabilized by T-ALL mutations. Next, we investigated
whether hydroxamate-based metalloprotease inhibitors
(MPi) could block the cleavage of cancer-causing Notchl
mutants. Constitutive shedding of LNR L1594P at Val'’'!
could be completely inhibited by the broad spectrum inhib-
itor GM6001 (Galardin) as well as the more ADAM-specific
inhibitors BB94 (Batimastat) and TAPI-2 (IC-3), and the
ADAM10/17-specific inhibitor GW280264X (44) (Fig. 8A).
Unexpectedly, the reported ADAMI10-selective inhibitor
GI254023X (44) could not inhibit Notchl processing (Fig.
84, arrowhead). Similar results were obtained using LNR
molecules carrying anti-neurogenic mutations found in flies
(i.e. CC — SS, S1597N, A1695T; data not shown). Remark-
ably, although Val'”*! cleavage was completely blocked by all
hydroxamate inhibitors, this had little effect on NEXT pro-
duction and thus subsequent Val'”** cleavage detected by
aMyc immunoblot (Fig. 84). Accordingly, transcriptional
reporter assays displayed a modest 50% reduction in tran-
scriptional output in the presence of GM6001 and TAPI-2 at
concentrations sufficient for complete inhibition of Val'”!!
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FIGURE 8. Metalloprotease inhibitors block Val'”"" cleavage but not S2 cleavage. A, broad spectrum
metalloprotease inhibitors and ADAM-specific inhibitors show complete inhibition of Val'”'" cleavage but not
of Val'”**-NICD production in LNR L1594P 6Myc-transfected HEK293 cells. The ADAM10-specific inhibitor
Gl254023 shows minimal inhibition of Val'”"" cleavage (arrowhead). Serine-cysteine protease inhibitor mixture
(Ser-Cys) does not affect S2 or S3 cleavage. B, Notch1-GV16 reporter assay in transfected NIH-3T3 cells showing
only partial inhibition of Notch1 S3 cleavage measured by GV16 release with MPi GM6001 and TAPI-2 on
constitutively active CC — SS constructs. Shown is fold Firefly luciferase (Fluc) activity corrected for Renilla
luciferase (Rluc) transfection of Notch1 wild type and CC — SS-GV16 constructs over background. G, increased
concentrations of MPi lead to a reduction of Val'”**-NICD production. Note in Myc immunoblots S2-like prod-
ucts still accumulate in GSI- and MPi-treated cells, indicating that S2 cleavage occurs elsewhere when Val'”"
cleavage is blocked. TMIC, transmembrane and intracellular domain; DBZ, dibenzazepine.

cleavage (Fig. 8B). Increasing the concentrations to achieve
significant Notch inhibition by GM6001 (50 —200 uMm), BB94
(10-50 um), and GW280264X (10-30 um; data not shown)
led to a clear inhibition of S3 cleavage (Fig. 8C), consistent
with extracellular shedding at sites other than Val'’'' by
enzymes only weakly affected by these inhibitors. To identify
which type of protease(s) display this activity, we tested a
wide range of broad spectrum cysteine (E-64) and serine
protease inhibitors (antipain, chymostatin, and «;-antitryp-
sin); none could inhibit Val'”'! or Val'”** proteolysis (sup-
plemental Fig. 6). The B-secretase inhibitor also did not
affect Notchl cleavage (supplemental Fig. 6).

DISCUSSION

Previously, we established that mammalian Notch1 undergoes
two successive proteolytic cleavages upon ligand binding leading
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proteolysis with MPi did not block the
formation of NEXT or NICD from
Notchl receptors harboring gain of
function T-ALL mutations, we con-
clude that unknown proteases, insen-
sitive to hydroxamic acid inhibitors,
can cleave Notchl with NRR muta-
tions. We noted that the constitutive
cleavage of ligand-independent
Notchl at Val'”'! could be enhanced
by known inducers of growth factor receptor/cytokine shedding
by ADAMs and matrix metalloproteinases (APMA and PMA)
(48). Regulated shedding is a common modulator of growth factor
receptors; our observations argue that cellular signaling cascades
may be activated/inhibited to modulate endogenous Notchl S2
cleavage.

Similar to the AV site present in the canonical TACE substrate
tumor necrosis factor « (49, 50), in vitro studies confirm a require-
ment for Ala’”*® and Val'’*' for TACE/ADAM]17-mediated
cleavage of Notchl (19). These studies used recombinant Notch1
protein in cell-free extracts and found cleavage to be dependent on
TACE but not on ADAM10. Moreover, cleavage of Notchl pro-
teins with mutated S2 sites (AV — VH and AV — ED) was abro-
gated in these in vitro assays. In vivo, Notchl receptors with a
mutated S2 cleavage site act as ligand-independent gain of func-
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tion mutants and were cleaved at an unknown residue instead.
This could be explained because substitution of Val'”** into His or
Asp introduces charged bulky amino acids that likely inter-
fere with formation of the compact pocket protecting S2 and
allowing partial unfolding of the NRR, exposing different
scissile bonds (3, 4, 17) that can be cleaved by other pro-
teases. This hypothesis could be experimentally tested using
urea unfolding experiments (17). The differential require-
ment for TACE in cleavage of purified polypeptides and of
ADAMIO for cleavage of endogenous Notch1 may reflect the
important relationship between the structural conformation
of substrates and their proteases or the spatial distribution of
a Notch “cleavosome” containing ADAMI10 and y-secretase.
The saturation of y-secretase by APMA treatment supports
the idea that S2 cleavage occurs at a site with limiting
amounts of y-secretase but with predominance of ADAM10.

Whereas endogenous ligand-dependent Notch1 signaling in
cells requires ADAM10, perhaps due to a privileged cellular
location where ADAM10 concentration is optimal, our studies
indicate that ligand-independent Notchl proteins no longer
depend on a single enzyme. The identity of proteases that
access mutant Notch1 molecules are of interest; in this respect
itis worth noting that ligand-independent cleavage of wild type
Notchl can be induced by overexpression of TACE and
ADAMI10 in Drosophila (37). In addition, we show that differ-
ent metalloprotease inhibitors can completely block Val'”*!
cleavage of Notchl at low micromolar concentrations; how-
ever, under these conditions S3 cleavage of Notchl is not
fully inhibited. These results also suggest that Notch1 acti-
vation via S3 cleavage and NICD release proceeds with
assistance of BB94-insensitive proteases or, alternatively,
that y-secretase can cleave such molecules after they unfold
at S1. We favor the former possibility as we still observe
NEXT fragments, even at the highest MPi concentrations.
Apparently, mutant Notchl molecules are still cleaved at
another site (i.e. 52*). We tested several cysteine, serine, and
aspartyl protease inhibitors without success, indicating that
multiple hydroxamic acid-insensitive proteases can cleave
mutant Notch1 proteins.

Interestingly, ADAM10-deficient cells display residual
Val'”'! cleavage reminiscent of that observed in MPi-treated
cells. We cannot rule out that the closely related ADAM17/
TACE can cleave Notchl in the absence of ADAM10. This
hypothesis is supported by the observation that Val'”'!
cleavage of T-ALL mutant Notch1 proteins is strongly inhib-
ited by the ADAM10/17-specific inhibitor GW280264 but
not by the ADAM10-specific inhibitor GI254023 (44). Fur-
thermore, in Caenorhabditis elegans ADAMI17/TACE
(ADM-4) and ADAM10 (SUP17) orthologs function redun-
dantly in Lin12/Notch signaling (51). Of note, the neuro-
genic phenotype of ADAMIO in flies is less severe than the
dNotch null phenotype, also pointing to additional S2 pro-
teases (23). Altogether these data argue that multiple pro-
teases exist that can participate in Notchl S2 cleavage, but
ADAMI0 is the most efficient/best localized, and thus, in its
absence, a severe loss of function phenotype is observed.

Surface biotinylation and immunostaining with aVal'”'!
antibodies indicate that S2 cleavage occurred at the cell sur-
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face in GSI-treated cells. We noted internalization of some
S2-cleaved fragments into cytoplasmic vesicles. At present,
the identity of these vesicles is unknown, but they could
represent y-secretase-containing vesicles that produce dis-
tinct NICD species of different stability and signaling activ-
ity (40). It is interesting to speculate that the alternative S2
cleavage we observed may influence the y-secretase cleavage
position and thus NICD stability and activity (40, 52).

Taken together, the data presented here illustrate a com-
mon mechanism for extracellular domain cleavage of wild type
and oncogenic forms of Notchl by the membrane-bound metal-
loprotease ADAM10/Kuzbanian. The application of y-secretase
inhibitors to treat Notch-dependent malignancies is hampered
by their toxic side effects (53, 54) and by acquired resistance (55,
56). Novel approaches partly overcome intestinal toxicity (57),
but Notchl inhibitors more specific to Notchl NRR mutants
are desirable. We propose that prevention of the rate-limiting
S2 cleavage is another interesting strategy that could be
exploited (45). Cell-based parallel screens with NRR mutants
and ligand-dependent Notch proteins should assist in identify-
ing new drugs targeting aberrant Notch S2 proteolysis to
enhance current strategies for Notch inhibition.
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