AMCB

Journals.ASM.org

Notchl Autoactivation via Transcriptional Regulation of Furin, Which
Sustains Notch1l Signaling by Processing Notch1-Activating Proteases
ADAMI10 and Membrane Type 1 Matrix Metalloproteinase

Hong Qiu, Xiaoying Tang, Jun Ma, Khvaramze Shaverdashvili, Keman Zhang, Barbara Bedogni

Department of Biochemistry, Case Western Reserve University School of Medicine, Cleveland, Ohio, USA

Notchl is an evolutionarily conserved transmembrane receptor involved in melanoma growth. Notch1 is first cleaved by furin in
the Golgi apparatus to produce the biologically active heterodimer. Following ligand binding, Notch1 is cleaved at the cell mem-
brane by proteases such as ADAM10 and -17 and membrane type 1 matrix metalloproteinase (MT1-MMP), the latter of which we
recently identified as a novel protease involved in Notch1 processing. The final cleavage is y-secretase dependent and releases the
active Notch intracellular domain (NIC). We now demonstrate that Notch1 directly regulates furin expression. Aside from acti-
vating Notchl, furin cleaves and activates several proteases, including MT1-MMP, ADAM10, and ADAM17. By chromatin im-
munoprecipitation and a reporter assay, we demonstrate that Notch1 binds at position —1236 of the furin promoter and drives

furin expression. The Notchl-dependent enhancement of furin expression increases the activities of MT1-MMP and ADAM10
but not that of ADAM17, as demonstrated by short hairpin RNA (shRNA) knockdown of furin, and promotes the cleavage of
Notchl itself. These data highlight a novel positive-feedback loop whereby Notch1-dependent furin expression can induce
Notchl signaling by increasing Notch1 processing and by potentiating the activity of the proteases responsible for Notch1 acti-
vation. This leads to Notch1 signal amplification, which can promote melanoma tumor growth and progression, as demon-
strated by the inhibition of cell migration and invasion upon furin inhibition downstream of Notch1. Disruption of such feed-
back signaling might represent an avenue for the treatment of melanoma.

Melanoma is the deadliest form of skin cancer, causing ap-
proximately 50,000 deaths a year, despite promising new
therapies (1-3). It is imperative to understand the biology of mel-
anoma in order to find novel therapeutic targets.

Notch proteins are transmembrane receptors of approximately
300 kDa. In humans, there are four Notch receptors, Notchl to
Notch4, which share the same basic structure: (i) an extracellular
domain, containing an epidermal growth factor-like repeat do-
main (EGF repeats), a LIN12-Notch repeat (LNR) domain, and a
heterodimerization (HD) domain, and (ii) an intracellular do-
main, containing an RBP-JK (recombination signal-binding pro-
tein 1 for Jk)-associated module (RAM) domain, an ankyrin re-
peat (ANK) domain, a transactivation domain (TAD), and a PEST
(proline-glutamate-serine-threonine) domain (4). Full-length
Notch is first cleaved by furin in the trans-Golgi network. Such
cleavage is necessary for the proper positioning of Notchl1 at the
plasma membrane (5, 6). Once Notchl is at the membrane, after
ligand binding, a second cleavage occurs that is canonically
driven by ADAM (a disintegrin and metalloproteinase) proteases
(ADAMI0 and -17) (7-10). This produces an unstable fragment
that is immediately cleaved by +y-secretase to release the Notch
intracellular domain (NIC) (11). The NIC translocates into the
nucleus and binds with transcription factors CSL (C-promoter
binding factor 1) and MAML (Mastermind-like) to regulate the
transcription of multiple downstream targets, including HES
(hairy and enhancer of split) family members, c-Myc, and cyclin
D3 (12-20).

The Notch pathway is an evolutionarily conserved signaling
cascade that plays essential roles in embryogenesis and in cell re-
newal in the adult by participating in the maintenance of stem cell
pluripotency in a variety of tissues (21-23). Previous studies have
shown that Notch1 plays essential roles in melanocyte stem and
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precursor cell homeostasis (24-27). Furthermore, Notchl is
highly expressed in melanomas. Overexpression of active Notch1
(NIC1) transforms primary human melanocytes in vitro and con-
fers metastatic properties on primary melanoma cells (28-31).
Notchl has also been shown to be required for melanoma cell
growth and survival (31). However, no Notchl-activating muta-
tions have been observed in melanoma so far, suggesting that
other mechanisms are responsible for the high activity of Notch1
in melanoma cells.

One potential mechanism is an increase in processing. We re-
cently demonstrated that membrane type 1 matrix metalloprotei-
nase (MT1-MMP), a membrane-tethered zinc-dependent MMP,
acts as a protease involved in the second cleavage of Notchl (32).
MT1-MMP is very abundant in melanomas and is associated with
disease progression and poor patient outcome (32, 33). MT1-
MMP is synthesized as a preproenzyme of 64 kDa that is also
cleaved by furin prior to its transport to the plasma membrane as
an active 55-kDa enzyme (34). MT1-MMP is one of the most
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Furin Is a Direct Transcription Target of Notch1
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FIG 1 Notchl promotes MT1-MMP activity. (A) The active MT1-MMP fraction (55 kDa) is increased in Notch1-NIC-expressing cells. 3-Actin is used as a
loading control. (B) Notch1-NIC increases MT1-MMP activity in vitro. neg, negative control (buffer); pos, positive control (0.5 pg/ml recombinant active
MT1-MMP). (C) Zymogram showing MMP2 processing in pLM- or NIC-expressing cells. Numbers below the gel represent the fold induction (*standard
deviation) of the active band over the control (pLM). pro, inactive form. Results are averages for three repeats. The asterisk indicates a significant difference (P <
0.05) by Student’s ¢ test. (D) Notch1 increases both mRNA and protein levels of furin but does not affect the expression of MT1-MMP. The same cells used for
panel A were used in these experiments. Quantitative RT-PCR results (left) and a Western blot (right) show changes in the expression of furin and furin-like
convertases. The differences in expression from the expression of the control are significant (P < 0.001) by Student’s ¢ test. *, **, and *** refer to the statistical
significance calculated between the control and NIC for three different targets. (E) Inhibition of Notch1 reduces both mRNA and protein levels of furin. Rel.,

relative.

important MMPs that promote cell migration and invasion in
cancer. We have demonstrated that MT1-MMP mediates mela-
noma growth and metastasis via various mechanisms, including
Notchl activation (32).

ADAM10 and ADAMI17 belong to the ADAM family of zinc-
dependent metalloproteinases and are considered the canonical
proteases involved in the cleavage of Notchl at the S2 site (7).
Structurally similar to MT1-MMP, they also are activated in the
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FIG 2 Stimulation of endogenous Notchl. JAGGED1-dependent activation

of endogenous Notchl increases furin levels and promotes the processing of
MT1-MMP and ADAMI0 in two melanoma cell lines.
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Golgi apparatus by furin and then arrive at the membrane as active
enzymes (34). Dysregulated expression of ADAM proteins has
been reported in multiple tumors. These proteases are implicated
as positive regulators in tumor cell proliferation, angiogenesis,
and metastasis (35). Importantly, both ADAM10 and ADAM17
have been shown to be overexpressed in melanoma (36-39).

Furin cleaves many substrates, including MT1-MMP, Notchl,
ADAM10,and ADAM17 (6, 34,40-42). Furin is a calcium-depen-
dent serine protease that belongs to the family of proprotein con-
vertases (PCs). The expression levels of furin differ for different
cell types and degrees of cell differentiation (4345, 47). Furin has
been reported to regulate tumor growth and malignant tumor
phenotypes (48-50). Importantly, the expression of furin has been
shown to be coordinated with that of its substrates, such as trans-
forming growth factor (TGF), bone morphogenetic protein
(BMP), and insulin-like growth factor (51-53).

Our present data establish that furin is regulated by its own
substrate Notchl. In turn, Notch1-induced furin further activates
MT1-MMP and ADAM10, which can then enhance the cleavage
of Notchl. Hence, we have identified a novel positive-feedback
loop whereby Notchl signaling self-activates by regulating not
only its own processing but also that of its regulatory proteases.
This novel feedback signaling might account for the high activity
of Notchl in melanoma cells.

MATERIALS AND METHODS

Cell lines. Primary and metastatic melanoma cells were purchased from
the American Type Culture Collection (ATCC; Manassas, VA) or were
gifts from Marianne Broome Powell (Stanford University) (54). The use
of the cells was approved by the Case Cancer Institutional Review Board
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FIG 3 Furin is a direct target of Notchl. (A) Schematic representation of the furin promoter. There are three putative CSL binding sequences (TTCCCAC),
located at bp —3556 (B1), —1236 (B2), and +960 (B3). TSS, transcription start site. (B) Western blot analysis of V2387 and WM266-4 cells showing Notch1
protein levels in control and shNotch1-expressing cells. (C) ChIP analysis showing the association of Notch1 with the binding site at bp —1236 (B2) in both
V2387 and WM266-4 cells. Asterisks indicate significant differences (P < 0.01) by Student’s ¢ test. (D) The HES1 promoter was used as a positive control for
CSL/Notch-binding activity. Asterisks indicate significant differences (P < 0.01) by Student’s ¢ test. All data are representative of the results of three independent

experiments.

(IRB). The cell lines used in this study were V2387, WM115, WM266-4,
and SKMel2. These are human melanoma cells derived from primary
melanoma (WM115) and from metastases to the skin (WM266-4 and
SKMel2) and lymph nodes (V2387). All cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 1% glutamine, and 1% penicillin-streptomycin.

shRNAs and expression plasmids. Short hairpin RNAs (shRNAs)
against human Notch1 (TRCN0000003359) and furin (TRCN000075238
and TRCN000075239) were purchased from Sigma. The Notch1-NIC
lentiviral expression vector was constructed by inserting the cDNA
sequence corresponding to human Notch1-NIC (bp 5278 to 7668 of full-
length human Notch1) into the pLM-CMV-Ha-puro-PL3 lentiviral plas-
mid (55), between Xbal and Xhol. The lentiviral plasmid iDuet101a-DN-
MAML (with dominant negative MAML) was kindly provided by Eli Bar
(Case Western Reserve University). Viral particles were produced in
293FT cells by using the X-tremeGENE 9 reagent (Roche, Mannheim,
Germany) according to the manufacturer’s instructions. The packaging
plasmids used were pMD2.G and psPAX2, which were purchased from
Addgene (Cambridge, MA).

Western blot analysis. Total protein for all assays was extracted with
urea lysis buffer (9 M urea, 75 mM Tris-HCl [pH 7.5], and 100 mM
2-mercaptoethanol), and 20 pg/sample was separated by 8%-to-10%
SDS-PAGE and was transferred to polyvinylidene difluoride (PVDF)
membranes. The membranes were probed with antibodies against Notch1
(C20; Santa Cruz Biotechnology, Santa Cruz, CA), full-length and cleaved
Notchl (mN1A; Novus Biologicals LLC, Littleton, CO), the Notch1 NIC
cleaved at Val-1744 (Cell Signaling Technology, Beverly, MA), MT1-
MMP (clone LEM-2/15.8; Millipore, Billerica, MA), ADAM10 (Abcam,
Cambridge, MA), tumor necrosis factor alpha-converting enzyme
(TACE; also called ADAM17) (eBioscience, San Diego, CA), and furin
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(Abcam, Cambridge, MA). Bands were detected using the SuperSignal
detection reagent (Thermo Scientific). Loading was normalized with anti-
B-actin (Santa Cruz Biotechnology). Densitometric quantifications (by
Image]) of band intensity were normalized to the intensity of the respec-
tive 3-actin band.

Real-time PCR analysis. cDNA was synthesized from total RNA using
the SuperScript first-strand synthesis system for reverse transcription-
PCR (RT-PCR) (Invitrogen). Then the cDNA was used for PCR amplifi-
cation with SYBR green PCR master mix (Roche). The following primer
sets were used to amplify specific target genes: human ADAM10 forward
(5"-CAAAGTCTGAGAAGTGTCGGG-3') and reverse (5'-CTGCACAT
TGCCCATTAATG-3") primers, human ADAM17 forward (5'-ACCTGA
AGAGCTTGTTCATCGAG-3") and reverse (5'-CCATGAAGTGTTCCG
ATAGATGTC-3") primers, human glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) forward (5'-CGCTCTCTGCTCCTCCTGTT-3’) and
reverse (5'-CCATGGTGTCTGAGCGATGT-3') primers, human MT1-
MMP forward (5'-CTCCCTCGGCTCGGCCCAAA-3") and reverse (5'-
CGCCTCATGGCCTTCATGGTGTCT-3') primers, human furin for-
ward (5'-GAAGCAGCAGCGGCCAGGAT-3") and reverse (5'-CGAAG
ATCTGGCCCAGGTTGAGG-3") primers, human PC5 forward (5-TGC
CAGGGACCAACCCAGGA-3") and reverse (5'-TGCTCTCGGCCATA
GTTGTCTGC-3") primers, and human PC7 forward (5'-CACCAGCAC
GGTTTCGGCCT-3") andreverse (5'-AGCCGTTGGGATCCGAGTCCA
T-3") primers. The relative quantification of mRNA expression levels was
normalized by GAPDH.

ChIP assay. Chromatin immunoprecipitation (ChIP) was performed
using ChIP assay kits (Upstate Biotechnology) according to the manufac-
turer’s recommendations. The following primer sequences were used: for
the furin promoter at B1 (bp —3556), forward primer 5'-ATCAGGAGG
GTCACCTATGGTGC-3" and reverse primer 5'-CAGAGGTGCTGGGA
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FIG 4 Notchl affects furin expression through binding to the furin promoter. (A) Schematic representation of luciferase reporter constructs containing the WT
(TTCCCAC) or mutated (TCACAGC) binding site 2 sequence. The pGL2-Sacl construct contains the sequence from Pstl at the transcription start site (TSS) to
Sacl. (B) Luciferase reporter assay with V2387 cells expressing the control (pLM) or Notch1-NIC. The pGL2-Basic luciferase construct, without the promoter
region, represents the negative control for the luciferase assay; the HES1 construct, which contains the promoter region of the Notch1 target HESI, represents the
positive control. Significant induction of luciferase activity was observed in NIC-expressing cells when the WT Sacl construct was used. Asterisks indicate
significant differences (P < 0.01) by Student’s ¢ test. (C) (Bottom) Luciferase induction is seen in NIC-expressing cells with the WT SacI construct (NIC/WT) and
is significantly reduced when the SaclI construct is mutated (NIC/Mut). (Top) Notch1-NIC protein levels in pLM- and NIC-expressing cells. Experiments were

carried out in three cell lines: WM115, SKMel2, and V2387. Data are averages for three independent experiments. Act, actin.

TTACAGGC-3'; for the furin promoter at B2 (bp —1236), forward
primer 5'-CTCAGAGCTTAGTTCCCAGCAGAC-3’ and reverse primer
5-GATCTCCAGGTATTGCCAAATGTC-3'; for the furin promoter at
B3 (bp +960), forward primer 5'-ATGCAGATTGAAGAGGCAAGCT
G-3' and reverse primer 5'-GCAATACTTGCTGCTTCAGGTGC-3'; for
the HES1 promoter, forward primer 5'-CGTGTCTCCTCCTCCCATT
G-3" and reverse primer 5'-CCAGGACCAAGGAGAGAGGT-3'. The an-
tibody employed for the immunoprecipitation has been described previ-
ously (56).

Luciferase assays. The Hesl-reporter plasmid was a kind gift from
Ryoichiro Kageyama (Kyoto University, Kyoto, Japan) (57). The human
furin promoter-luciferase constructs pGL2-Basic and pGL2-Sacl were
generously provided by Claire M. Dubois (University of Sherbrooke,
Sherbrooke, Quebec, Canada) (43). The mutations within the pGL2-SacI
reporter were generated by PCR using primers 5'-CCTGTGACGTCA
CAGCTCCTCATTCTGCGACAGTGG-3" and 5'-GAATGAGGAGCT
GTGACGTCACAGGATGGTGGTTAG-3', whichreplace the sequence
5'-TTCCCAC-3' with 5'-TCACAGC-3'. V2387, WM115, or SKMel2
cells (5 X10*/well, in 24-well plates) were transfected by using the
X-tremeGENE high-performance (HP) reagent (Roche Applied Sci-
ence) according to the manufacturer’s instructions. After 48 h, the
cells were lysed in 100 pl of lysis buffer (Promega, Madison, WI). A
Renillaluciferase reporter plasmid driven by a cytomegalovirus (CMV)
promoter was cotransfected with the reporter constructs ata 1:20 ratio
in order to assess transfection efficiency. Firefly and Renilla luciferase
activities were assessed by the Dual-Luciferase assay system (Pro-
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mega), and light production was measured for 10 s in a Monolight
2010 luminometer (Molecular Devices, Sunnyvale, CA).

MT1-MMP and ADAMI0 activity assay. Membrane proteins were
extracted from 10° cells by three freeze-thaw cycles in dry-ice—ethanol
baths at 37°C. The lysates were sonicated for 3 s, and the membranes were
pelleted by centrifugation (30 min, 13,000 X g, 4°C) and were resus-
pended in phosphate-buffered saline (PBS). Equal protein amounts per
sample were incubated with a fluorogenic MT1-MMP substrate [Mca-
PLGL-Dap (Dnp)-AR-NH,] or the ADAMI0 substrate 5-carboxyfluores-
cein (5-FAM)-SLGRKIQIQ-K (QXL 520)-NH, provided by the manu-
facturer (AnaSpec, Fremont, CA). Fluorescence intensity was measured at
an excitation wavelength of 490 + 20 nm and an emission wavelength of
520 + 20 nm by using a SpectraMax M2 enzyme-linked immunosorbent
assay (ELISA) reader (Molecular Devices, Sunnyvale, CA).

Notch ligand stimulation assay. Notch signaling was induced by plat-
ing cells (32,000/cm?) on dishes displaying an immobilized fragment crystal-
lizable region (Fc) or Fc-JAGGED1 ligand anchored to protein A. Plasmids
expressing Fc and Fc-JAGGED1 (58, 59) were kindly provided by Aaron
Proweller (Case Western Reserve University, Cleveland, OH).

Migration and invasion assays. SKMel2 cells were plated in a conflu-
ent monolayer in duplicate. A scratch was produced using a pipette tip,
and the detached cells were gently washed away with PBS. Plates were
incubated under a time lapse microscope for 24 h. Pictures were taken
every hour for the duration of the experiment. Frames were aligned, and
the distance from one of the edges of the wound in the first frame (con-
sidered time zero) to the migration front was calculated for the time
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FIG 5 Notchl induces MT1-MMP activation through furin. (A) Western blot analysis showing that the active fraction of MT1-MMP increases in NIC-
expressing cells but decreases in furin knockdown cells. Experiments were carried out in three cell lines: SKMel2, V2387, and WM115. The average quantifications
of furin bands (relative fold changes with respect to the band density of the control [pLM] band) for three separate experiments * standard deviations are given
below the blots. (B) Ratio of active to inactive MT1-MMP bands normalized to the expression of the corresponding B-actin band. Data are averages from three
independent experiments. In all three cell lines, differences between control cells and furin knockdown cells are significant (P < 0.01) by Student’s ¢ test.

points indicated in Fig. 9B. For the transwell invasion assay, a suspension
of 25 X 10* cells was added to an 8-pm-pore-size insert, either uncoated
(control) or coated with a Matrigel growth factor reduced basement
membrane matrix (BD Biosciences, MA). DMEM containing 5% fetal
bovine serum (FBS) was added to the lower chamber (24-well plate) as a
chemoattractant. After a 24-h incubation, cells that had migrated through
the control inserts or Matrigel and were collected on the bottom mem-
brane, fixed with 4% formaldehyde, and stained with Coomassie blue.
Each treatment was carried out in triplicate. Membranes were incubated
in 10% acetic acid to extract the Coomassie stain, and the color intensity
was quantified at 295 nm. The percentage of invasion was calculated as
(mean reads of Matrigel)/(mean reads of control insert) X 100.

RESULTS

Notchl modulates MT1-MMP activity. Our previous data
showed that MT1-MMP is involved in the cleavage of Notch1 and
that it is a critical modulator of melanoma metastasis and mela-
noma cell growth (32, 33). Thus, we decided to explore the mech-
anisms of MT1-MMP regulation. Interestingly, we observed that
Notchl promotes MTI-MMP activity. Expression of active
Notchl (NIC) in melanoma cells increases the 55-kDa fraction of
MT1-MMP (Fig. 1A), the catalytically active enzyme, as assessed
by two different antibodies, one of which recognizes the active
MT1-MMP peptide specifically. This protein fraction is indeed
the active protein, since it leads to an increase in MT1-MMP ac-
tivity as measured by an in vitro activity assay (Fig. 1B) (61, 62).
Furthermore, expression of active Notch1 leads to an increase in
the processing of MMP?2 (Fig. 1C), a known target of MT1-MMP
(63). Given that MT1-MMP activation requires the cleavage of the
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inhibitory propeptide by furin or furin-like convertases, and given
that Notch1 expression did not change MT1-MMP transcript lev-
els in the cells (Fig. 1D), we investigated if Notch1 could regulate
the expression of the convertases. Indeed, we found that Notch1-
NIC increased both mRNA and protein levels of furin (Fig. 1D).
The transcripts of the furin-like convertases PC5 and PC7, also
involved in MT1-MMP activation, were increased as well (Fig.
1D). Conversely, inhibition of Notchl by a specific ShRNA re-
sulted in decreases in furin mRNA and protein levels. In a parallel
experiment, cleavage of endogenous Notchl by stimulation with
the recombinant JAGGED1 ligand led to an increase in the level of
furin and a corresponding increase in MT1-MMP processing (Fig.
2), further suggesting that Notch1 activates MT1-MMP via furin
expression.

Notchl1 affects furin expression through binding to the furin
promoter. Based on the previous data, we hypothesized that
Notch1 affects the activity of its protease, MT1-MMP, by increas-
ing the levels of furin available to cleave the inhibitory propeptide.
We therefore sought to determine whether Notch1 might regulate
furin by directly driving its expression. Active Notch1, though not
capable of binding directly to DNA sequences, functions in a
transcription complex together with CBF1 and Mastermind-like
(MAML). Sequence analysis of the furin promoter through Motif
Search (http://www.genome.jp/tools/motif/) revealed three puta-
tive CBF1/Notch-binding sequences (TTCCCAC) within a 5-kb
sequence encompassing 4 kb upstream and 1 kb downstream of
the furin transcription start site: one at position —3556, one at
—1236, and one at +960 (Fig. 3A). The sites were then tested by a
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chromatin immunoprecipitation (ChIP) assay for Notchl occu-
pancy in V2387 and WM266-4 cells expressing either a control
shRNA (green fluorescent protein shRNA [shGFP]) or Notchl
shRNA (shNotchl) (Fig. 3B). We observed enrichment in shGFP-
expressing cells at the B2 site (position —1236), but not at positions
—3556 and +960, that was inhibited in shNotchl-expressing cells
(Fig. 3C). The binding of Notch1 to the HES1 promoter was tested as
a positive control; this assay also showed enrichment in shGFP-ex-
pressing cells over shNotch1-expressing cells (Fig. 3D).

To further confirm that the B2 site is indeed the location where
Notchl binds and drives furin transcription, we performed a se-
ries of luciferase reporter assays (Fig. 4A). In V2387 cells, the Sacl
reporter construct, containing the wild-type (WT) B2 binding
site, showed a 10-fold induction of luciferase activity in cells ex-
pressing the active form of Notchl (NIC) over activity in cells
expressing the control (pLM) (Fig. 4B). The HES1 reporter con-
struct was used as a positive control. Mutation of the B2 binding
site from TTCCCAC to TCACAGC significantly reduced the in-
duction of luciferase activity in NIC-expressing cells from that
with the WT sequence in three different melanoma cell lines (Fig.
4C). The upper section of Fig. 4C shows the expression levels of
Notch1-NIC in each cell line tested. These data identify furin as a
novel direct target of Notchl.

Notchl affects MT1-MMP activity through furin. Since
MT1-MMP activity is dependent on the cleavage of the inhibitory
propeptide by furin, once we established that Notch1 modulates
furin expression, we next evaluated whether Notch1 plays a role in
the conversion of MT1-MMP from the inactive (64-kDa) to the
active (55-kDa) form through furin. We tested whether inhibition
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of furin by specific ShRNA sequences would impair MT1-MMP
activation downstream of Notchl. Since furin also processes
Notchl, we used cell lines expressing an exogenous, active
Notch1-NIC that is independent of furin cleavage. Western blot
analysis showed that the ratio of active to inactive MT1-MMP
increases in NIC-expressing cells but decreases in furin knock-
down cells (Fig. 5). Importantly, inhibition of furin expression
abolishes the ability of active Notch1 to increase the active MT1-
MMP fraction (Fig. 5), indicating that Notch1 affects MT1-MMP
activation through furin.

Notchl affects ADAM10 activity. ADAM10 and ADAM17 are
generally accepted as proteases responsible for Notchl cleavage
following ligand binding. Like MT1-MMP, ADAM10 and -17 are
also activated by furin prior to reaching the plasma membrane as
fully active enzymes (7, 34, 40). Previous data from our group
showed that melanoma tumors and cells do express these pro-
teases, although not at the same levels as MT1-MMP (32). We
therefore wanted to determine whether ADAM10 and -17 were
also affected by Notch1 through furin induction. As shown in Fig.
6A, the intensity of the active band of ADAM10 (60 kDa) increases
in NIC-expressing cells, indicating an increase in processing. Sim-
ilarly, in cells stimulated by recombinant JAGGED1, ADAM10
processing is increased (Fig. 2). This is not true for ADAM17,
however. We further measured the activity of ADAMI10 in vitro by
using a commercially available activity assay (AnaSpec) and found
that overexpression of NIC significantly increased ADAM10 ac-
tivity in both SKMel2 and V2387 cells (Fig. 6C and D). Of note,
Notchl did not affect ADAM10 gene expression (Fig. 6B). We
next evaluated whether Notch1 plays a role in the conversion of
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FIG 7 Notchl increases the active fraction of ADAM10 through furin. (A) Western blot analysis showing the expression of the propeptide and active forms of
ADAMI10 and the expression of Notch1-NIC in NIC-expressing SKMel2 (left) and V2387 (right) cells in the presence of shGFP or furin shRNA (shFurin) (shF2
and shF3). (B) Ratio of active to inactive ADAM10 in the lanes in panel A (normalized to the B-actin level). Asterisks indicate significant differences (P < 0.01)
by Student’s t test between pLM/shGFP and NIC/shGFP. Data are averages for four independent experiments. (C and D) In vitro activity assay for ADAM10 in
SKMel2 and V2387 cells expressing the empty vector (pLM) or active Notch1 (NIC) in the presence of shGFP or shFurin. Statistical significance (by Student’s ¢

test) is indicated. Results are averages for four independent experiments.

ADAMI0 through furin. As Fig. 7 shows, the intensity of the
active band of ADAMI10 increases in NIC-expressing cells but
decreases in furin knockdown cells. Again, inhibition of furin
abolished the ability of Notch1-NIC to process ADAMI10, as
seen above for MT1-MMP. The in vitro activity assay mirrored
the Western blot data, showing activation in the presence of
NIC and a lack of activation by Notch1 when furin is inhibited
(Fig. 7C and D).

Inhibition of furin diminishes Notch1 processing. Given that
furin promotes the first cleavage of Notch1 and that such cleavage
is required for proper Notch positioning at the plasma membrane
and access to the ligand (5, 6), we wanted first to determine
whether interruption of Notchl signaling at the DNA binding
level would affect furin and consequently Notch1-NIC release.
For this purpose, cells were transduced with a dominant negative
form of MAML (DN-MAML). Expression of DN-MAML inhib-
ited the expression of furin and HEY1, a known direct Notch
transcription target, and resulted in diminished processing of full-
length Notchl to cleaved Notchl, as shown by an antibody that
recognizes both full-length and processed Notchl (Fig. 8A, top
and center) and by an antibody that specifically recognizes Notch1
cleaved by y-secretase at valine 1744 (Fig. 8A, bottom, NIC). In-
hibition of furin by a specific sShRNA reduced Notch processing in
a similar manner (Fig. 8B). These data indicate that Notchl can
promote its own activation through a signaling loop involving
furin and the proteases ADAM10 and MT1-MMP.
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Inhibition of furin affects migration and invasion by mela-
noma cells. We have shown previously that MT1-MMP is re-
quired for melanoma cell migration and invasion (33). Given that
Notch1-dependent furin expression promotes MT1-MMP activa-
tion, we next examined whether furin inhibition could affect mi-
gration and invasion by cells downstream of Notchl. Furin was
downregulated in SKMel2 cells expressing constitutive Notch1-
NIC (Fig. 9A). Then a scratch assay and a Matrigel invasion assay
were performed. Cells expressing Notch1-NIC migrated faster
than controls; however, a 30% reduction in migration (on aver-
age) was observed when furin was inhibited in both control (pLM)
and NIC-expressing cells (Fig. 9B; see also Fig. S1 in the supple-
mental material). Similarly, cells expressing active Notchl were
more invasive than control cells, but inhibition of furin reduced
these invasion-promoting effects (Fig. 9C).

DISCUSSION

Notch processing is an unexplored and potentially therapeutically
targetable mechanism of increased Notch signaling in cancer. We
have established that elevated Notch levels play a critical role in the
pathogenesis of melanoma, and we describe here a novel circuit by
which Notch drives an autoregulatory positive-feedback loop ini-
tiating with the elevated expression of furin. The full-length pre-
cursor of Notchl is cleaved by furin in the trans-Golgi network,
prior to arriving as a heterodimer at the plasma membrane, where
it can be activated by interaction with Delta-like and Jagged li-
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gands expressed on the surfaces of adjacent cells (6, 9, 64, 65). The
cleavage by furin is required for the proper surface presentation of
Notchl and for proper ligand binding (64). In fact, studies show
that furin-resistant Notch1 receptors exhibit decreased surface ex-
pression and ligand-mediated receptor activation (5). Although
furin can be regulated by a variety of factors, including Sox9 (66),
TGF-B (67), and BMPs (68), here we find that furin is a novel
direct transcriptional target of its own substrate Notch1. Further-
more, we show that the activities of two major proteases involved
in Notch1 cleavage following ligand binding are induced by active
Notchl through the modulation of furin.

Both MT1-MMP and ADAMI10 are synthesized as inactive zy-
mogens whose activation requires the cleavage of an inhibitory
prodomain sequence (40, 69). Furin is an essential activator of
pro-MT1-MMP that controls the level of active MT1-MMP on the
cell surface (34). On the other hand, previous studies have dem-
onstrated that overexpression of furin and the proprotein conver-
tase PC7 increased the levels of active ADAM10 and that mutation
of the convertase-dependent cleavage sites blocked the processing
of ADAMI10 to its active form (40). Indeed, we demonstrate
here that Notchl promotes the processing of MT1-MMP and
ADAMIO to their active forms through furin, since downregula-
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tion of furin expression is sufficient to abolish the ability of
Notchl to promote the processing of the proteases and to increase
their activity. On the basis of these data, we suggest that Notchl,
by regulating the expression of furin, establishes a positive-feed-
back loop that can promote not only the processing of Notch1 but
also its activation by modulating the activities of MT1-MMP and
ADAM10.

MT1-MMP belongs to a family of membrane-tethered matrix
metalloproteinases and is considered one of the most important
MMPs in promoting cancer cell migration and invasion (33). Re-
cently, we demonstrated that MT1-MMP operates as a protease
involved in Notchl activation and that MT1-MMP-dependent
Notchl activation mediates part of the protumorigenic properties
of MT1-MMP (32). Melanomas express high levels of active
Notchl, and its expression is correlated with that of MT1-MMP
(32,54, 70,71). Hence, considering the results presented here, it is
likely that in tumors where the two proteins are present, they
functionally influence each other by promoting their reciprocal
activation. The decrease in cell migration and invasion levels
downstream of active Notchl upon furin inhibition would sub-
stantiate this notion.

On the other hand, although ADAM10 and ADAM17 are both
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capable of processing Notchl at the S2 site (10, 72), more and
more evidence points to ADAM10 as the main enzyme responsi-
ble for such activity. First, the defects found in ADAM10-deficient
mice phenocopy those of Notch1-deficient mice (73-75); second,
van Tetering et al. (10) have demonstrated that Notch1 cleavage is
severely diminished only in ADAM 10 knockout fibroblasts, not in
ADAM17 knockout cells. ADAM10 expression has been shown to
be significantly higher in melanoma metastases than in primary
tumors (37, 38). Knockdown of ADAM 10 inhibits melanoma cell
growth and migration, while overexpression of ADAMI10 in-
creases the migration of melanoma cells (38). Our study shows
that overexpression of Notch1 increases the activity of ADAM10
through the modulation of furin. In contrast, Notchl did not
promote the processing of ADAM17. These data suggest that
ADAM17, at least in melanoma cells, is not under the influence of
Notchl signaling.

Together, the data presented here highlight a novel positive-
feedback signaling mechanism whereby Notch1, by regulating fu-
rin expression, promotes its own cleavage in the Golgi apparatus,
a process that is required for the proper localization of Notch1 on
the plasma membrane, and stimulates the activation of ADAM10
and MT1-MMP, which not only are involved in the cleavage and
activation of Notchl but also contribute to tumorigenesis by
modulating the processing of a variety of substrates, including
extracellular matrix and surface receptors. These findings add fur-
ther complexity to Notch signaling deregulation in cancer. Notch
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not only promotes tumorigenesis by directly regulating genes in-
volved in tumor development and progression (76) but can also
do so indirectly, by influencing the activity of protumorigenic
enzymes. We therefore propose that the positive-feedback loop
between Notchl and its proteases promotes the amplification of
Notchl signaling and may represent a novel therapeutic target for
the treatment of melanoma.
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