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Cadherins are critically involved in tissue development

and tissue homeostasis. We demonstrate here that neuro-

nal cadherin (N-cadherin) is cleaved specifically by the

disintegrin and metalloproteinase ADAM10 in its ectodo-

main. ADAM10 is not only responsible for the constitutive,

but also for the regulated, shedding of this adhesion

molecule in fibroblasts and neuronal cells directly regulat-

ing the overall levels of N-cadherin expression at the cell

surface. The ADAM10-induced N-cadherin cleavage re-

sulted in changes in the adhesive behaviour of cells and

also in a dramatic redistribution of b-catenin from the cell

surface to the cytoplasmic pool, thereby influencing the

expression of b-catenin target genes. Our data therefore

demonstrate a crucial role of ADAM10 in the regulation of

cell–cell adhesion and on b-catenin signalling, leading to

the conclusion that this protease constitutes a central

switch in the signalling pathway from N-cadherin at the

cell surface to b-catenin/LEF-1-regulated gene expression

in the nucleus.
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Introduction

Neuronal cadherin (N-cadherin A-CAM) belongs to a family of

intercellular adhesion molecules that mediate calcium-depen-

dent cell–cell adhesion through homophilic interaction.

Cadherins are essential for cell recognition and tissue mor-

phogenesis, as well as for the maintenance of solid tissue

(Takeichi, 1991; Gumbiner, 1996). Like the other classical type

I cadherins, E- and P-cadherin, N-cadherin contains a large N-

terminal extracellular region which consists of five tandem

repeated domains (EC1–EC5). The conserved cytoplasmic

domains of cadherins interact with b-catenin, which in turn

is linked to the cytoskeleton. b-Catenin plays a key role in the

transduction of the Wnt signals, acting as coactivator for the

transcription factor lymphocyte enhancer binding factor-1

(LEF-1). N-cadherin is critically involved in heart tube forma-

tion, neurulation and somitogenesis (Radice et al, 1997), and

in connective tissue remodelling and wound healing

(Gabbiani, 1981; Van Hoorde et al, 1999; Ko et al, 2001).

The release of the extracellular domain, which contains the

homophilic binding sites, is functionally of major importance

for the regulation of cell adhesion, cell migration and neurite

outgrowth (Paradies and Grunwald, 1993; Nakagawa and

Takeichi, 1998). This ectodomain cleavage of N-cadherin

can be inhibited with MMP inhibitors, including the tissue

inhibitors of metalloproteinases (TIMPs). TIMPs promote

fibroblast adhesion through stabilisation of focal adhesion

contacts, which is correlated with an increase in N-cadherin

expression at the cell surface (Ho et al, 2001). The extra-

cellular domain released through metalloproteinase activity

has been shown to retain biological function and to promote

neuronal cell adhesion and neurite outgrowth (Bixby and

Zhang, 1990; Paradies and Grunwald, 1993; Utton et al,

2001). The nature of the N-cadherin ectodomain-generating

protease is unknown. This is also of importance since the

proteolytic ectodomain cleavage leads to a membrane-bound

carboxy-terminal fragment which is a substrate for regulated

intramembrane proteolysis (RIP) (Marambaud et al, 2003).

In this process, the carboxy-terminal membrane-bound

fragment becomes a substrate for a presenilin/g-secretase-

mediated intramembrane proteolysis, resulting in the release

of the cytoplasmic carboxy-terminal fragment. In case of N-

cadherin, this intracellular fragment is apparently involved in

signal transduction, since it promotes in a not yet clarified

way the degradation of the transcriptional coactivator CREB-

binding protein (CBP) (Marambaud et al, 2003). The regula-

tion of RIP (e.g. Notch, APP, CD44) is thought to occur at the

level of the first ectodomain-shedding processing step.

This observation, especially when combined with the fact

that also other RIP substrates are cleaved by similar pro-

teases, suggested to us that a member of the disintegrin and

metalloprotease (ADAM) family is involved in the ectodo-

main cleavage of N-cadherin. The ADAMs are a family of type

I transmembrane proteins and combine features of both cell

adhesion molecules and proteinases. They play important

roles in fertilisation, neurogenesis and angiogenesis (Blobel,

2000), and they are involved in the shedding of various

membrane-bound proteins, including cytokines, growth fac-

tors and adhesion molecules (Schlondorff and Blobel, 1999;

Seals and Courtneidge, 2003). ADAM10 and ADAM17 (TNFa-

converting enzyme (TACE)) have been studied in particular in

the context of ectodomain shedding. They are involved in the

proteolysis of various substrates such as Notch, EGF ligands,

APP and fractalkine (Lammich et al, 1999; Hartmann et al,

2002; Hundhausen et al, 2003; Sahin et al, 2004).
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In the present study, we focused on the potential role of

different ADAMs in N-cadherin shedding. We demonstrate

that ADAM10 is the major proteinase responsible for N-

cadherin ectodomain cleavage in fibroblasts and neuronal

cells. We demonstrate further how ADAM10 activity regulates

cell adhesion and importantly affects b-catenin signalling,

resulting in the expression of cyclin D1, c-myc and c-jun. Our

results link extracellular protein cleavage to the regulation of

intracellular processes, thereby establishing the couple

ADAM10/N-cadherin as a central switch in mediating signals

from the extracellular matrix to the nucleus.

Results

ADAM10 is responsible for ectodomain shedding

of N-cadherin

The full-length 135 kDa N-cadherin protein is cleaved in the

extracellular domain by metalloproteinase activity, generat-

ing a 40 kDa C-terminal fragment termed CTF1, which can be

further processed by a g-secretase-like activity into a soluble

35 kDa CTF2 (Figure 1A). Recently, Marambaud et al (2003)

showed that CTF2 is strongly diminished but not absent in

fibroblasts deficient for presenilin 1 (PS1), a component of

the g-secretase complex. We confirmed these findings and

additionally demonstrated that the remaining proteolytic

activity was due to presenilin 2 (PS2) by comparing PS1

and PS1/2 double-deficient mouse embryonic fibroblasts

(MEFs) and analysing these cells by Western blot analysis

using monoclonal antibodies against the C-terminal part of

mouse N-cadherin (Supplementary Figure A).

In order to identify the protease responsible for the first,

rate-limiting processing step in the RIP of N-cadherin, we

compared a panel of ADAM-deficient fibroblasts (Hartmann

et al, 2002; Weskamp et al, 2002; Horiuchi et al, 2003) in a

similar assay. We also included fibroblasts from BACE1-

deficient mice since BACE is a sheddase responsible for the

cleavage of APP and PSGL-1 (Lichtenthaler et al, 2003). To

avoid the rapid processing of the CTF1 by g-secretase, we

included the g-secretase inhibitor L-685,458 in our assays. As

shown in Figure 1B, only ADAM10-deficient fibroblasts

showed a clear reduction in the generation of the N-cadherin

CTF1 (Figure 1B, upper panel, lane 3). Accordingly, the

proteolytically released ectodomain was detectable in the

supernatants of the analysed cell lines, but was absent in

the supernatant of ADAM10-deficient cells (Figure 1B, lower

E
C

1
E

C
2

E
C

3
E

C
4

 

E
C

5

catenin

cytoskeletonC

N
~135 kDa

~40 kDa
CTF1

~35 kDa
CTF2

 

GC4

C32

MNCD2~95 kDa
NTF

W
t

9−/
−

10
−/

−

15
−/

−

17
−/

−

B
A

C
E

1−/
−

50

37

ADAM 

CTF1

150 N-cad / FL

N-cad / FL

100

75
NTF

Supernatants 

Cell pellets

W
t

A
10

−/
−

re
tr

150

100

75

50

37

A
10

−/
−  

CTF1

100

75

50

p

m

A
D

A
M

10

N
-cadherin

Cleavage sites and antibody-binding sites in N-cadherin

γ-secretase complex

Metalloprotease

α
β

kDa

kDa

A

B

CFigure 1 Involvement of ADAM10 in N-cadherin processing. (A)
Schematic representation of N-cadherin cleavage sites and antibody-
binding regions. Full-length 135 kDa N-cadherin is cleaved by me-
talloproteinase activity in N-terminal 95 kDa fragments (NTF) and
C-terminal 40kDa fragments (CTF1), which can be further processed
by g-secretase-like activity in soluble 35kDa fragments (CTF2). (B)
Constitutive N-cadherin cleavage is reduced in ADAM10�/� fibro-
blasts. MEFs were preincubated with g-secretase inhibitor (0.5mM)
overnight and harvested. Immunoblot with total cell extracts from
ADAM9�/�, ADAM10�/�, ADAM15�/� and ADAM17�/� fibroblasts,
BACE1�/� cells and wild-type MEFs stained with C-terminal anti-
N-cadherin antibody. Supernatants of these cells were also subjected
to Western blot analysis using N-terminal anti-N-cadherin antibodies
(MNCD2). N-Cad/FL: full-length N-cadherin; CTF: carboxy-terminal
fragment of N-cadherin; NTF: N-terminal fragment of N-cadherin;
WT: wild-type MEFs. (C) ADAM10-deficient cells were stably re-
transfected with wild-type ADAM10 (A10�/�retr) and compared
with wild-type and ADAM10-deficient MEFs for N-cadherin expres-
sion in the presence of g-secretase inhibitor (0.5mM). N-cad/FL: full-
length N-cadherin; CTF: C-terminal fragment of N-cadherin; NTF:
N-terminal fragment of N-cadherin; p: precursor of ADAM10; m:
mature form of ADAM10.
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panel, lane 3). Considering the minor differences in N-cad-

herin expression in these different cell lines, we also quanti-

fied the amount of CTF1 as percentage of ‘total’ N-cadherin

(full-length N-cadherin plus N-cadherin/CTF1) by densito-

metric analysis (Supplementary Figure B), making the re-

duced shedding in ADAM10-deficient cells even more

apparent. We confirmed this observation in three indepen-

dently derived ADAM10-deficient cell lines (Hartmann et al,

2002), (Supplementary Figure C). Additional strong corro-

borative evidence came from genetic reconstitution assays:

N-cadherin shedding could be completely restored in these

cells after transfection of wild-type ADAM10 (Figure 1C).

Finally, we confirmed the findings also by pharmacological

means using the hydroxamate-based inhibitors GW280623X

(blocking ADAM10 and TACE) and GI254023X (preferentially

blocking ADAM10) (Hundhausen et al, 2003). Both inhibitors

reduced the ectodomain shedding of N-cadherin in wild-type

fibroblasts in a dose-dependent manner, confirming the es-

sential role of ADAM10 in this process (Supplementary Figure

D). In the absence of g-secretase inhibitor, ADAM10 inhibi-

tion did not only correlate with a decrease of CTF1 but also

with a decrease of CTF2 (Supplementary Figure E), illustrat-

ing a sequence of proteolytic events.

ADAM10 is also crucial for induced shedding

of N-cadherin

In general, shedding of proteins can occur in a constitutive

and regulated fashion. ADAM17 has been implied in the

regulated shedding of many membrane-bound proteins

(Hundhausen et al, 2003; Sahin et al, 2004), and we therefore

set out to analyse in more detail regulated shedding of N-

cadherin. Stimulation of protein kinase C (PKC) using phor-

bol ester phorbol-12 myristate 13-acetate (PMA) (Hooper

et al, 1997) as well as depletion of cholesterol using cyclo-

dextrin (MCD) strongly induced N-cadherin shedding in wild-

type fibroblasts (Figure 2A). Staurosporine (SP), which in-

duces apoptosis and has been previously implicated in the

activation of metalloproteinase-mediated cleavage of E-cad-

herin (Marambaud et al, 2002), also stimulated N-cadherin

shedding. Also, ionomycin (IM), an agent that promotes

shedding of cadherins through stimulation of calcium influx

(Marambaud et al, 2002), increased CTF1 production in wild-

type cells. This clearly established that N-cadherin cleavage is

regulated by several signalling pathways, including PKC and

Ca2þ -regulated ones. We next addressed to what extent this

inducible cleavage was depending on ADAM10 or on other

proteases by analysing the effects of these different com-

pounds in ADAM10-deficient cells. If another protease (e.g.

TACE) is responsible for the induction of N-cadherin shed-

ding, we expected to observe a partial restoration of CTF1

generation. This was, however, not the case (Figure 2A), and

we therefore conclude that ADAM10 is required for the

induction of N-cadherin cleavage. Extracellular calcium in-

flux, which can be induced by mechanical stimulation of cells

(Ko et al, 2001), has important physiological relevance during

wound healing and tissue remodelling after injury. Therefore,

we investigated this aspect in more detail. In wild-type cells,

IM induced a rapid accumulation of the CTF1 within minutes

(Figure 2B, left panel). This effect was completely blocked

with the ADAM10 inhibitor GI254023X (Figure 2B, middle

panel) and in ADAM10-deficient cells (Figure 2B, right

panel). Taken together, these results demonstrate that

ADAM10 is the major proteinase responsible for constitutive,

and also for, induced N-cadherin shedding.

ADAM10-dependent N-cadherin cleavage in neuronal

cells

N-cadherin, like ADAM10, is predominantly expressed in

neuronal cells (Radice et al, 1997; Karkkainen et al, 2000)

and promotes possibly axonal outgrowth and regulation of

synaptogenesis (Huntley, 2002). Like MEFs, mouse neuro-

blastoma N2a cells and human neuroglioma H4 cells express

both the full-length N-cadherin form (not shown) and the

40 kDa CTF1 proteolytic fragment (Figure 3A). Upon

ADAM10 overexpression (Figure 3A, upper panel), an in-

creased level of N-cadherin CTF1 was observed (Figure 3A,

lower panel). A similar increase of CTF1 after overexpression

of ADAM10 could also be observed in human neuronal H4

cells (not shown). We finally confirmed the role of endogen-

ously expressed ADAM10 in N-cadherin shedding in neuronal

cells using vector-based RNA interference (RNAi)

(Brummelkamp et al, 2002). After 72 h, ADAM10 levels

dropped to 15% as compared to mock-transfected cells

(Figure 3B and C). CTF1 was decreased to a similar extent

(Figure 3B and C). N-cadherin is physically associated with

N-methyl-D-aspartic acid (NMDA) receptors in large, multi-

protein complexes (Husi et al, 2000). It has been speculated

that NMDA receptor activation may provide a signal that

regulates the molecular configuration of synaptic N-cadherin,

and therefore the strength of adhesion across the synaptic

cleft. Direct stimulation of the NMDA receptor after applica-

tion of NMDA in H4 neuronal cells resulted in an increased
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Figure 2 ADAM10 involvement in stimulated N-cadherin shedding.
(A) Effect of different stimuli on N-cadherin shedding. Cells were
stimulated with PMA (100 ng/ml), MCD (10 mM) or vehicle control
(DMSO) for 4 h, with IM (5mM) for 30 min or with SP (1mM) for 6 h
in the presence of g-secretase inhibitor (0.5mM). Subsequently, cell
pellets were lysed and subjected to N-cadherin (C-terminal)
Western blot analysis. (B) IM-induced N-cadherin shedding oc-
curred in wild-type but not in ADAM10-deficient fibroblasts. Cells
were stimulated with 5mM IM or vehicle control (DMSO) for
different periods in the presence or absence of GI254023X. Cell
pellets were harvested and analysed by Western blotting using
C-terminal anti-N-cadherin antibodies. N-Cad/FL: full-length
N-cadherin; CTF: C-terminal fragment of N-cadherin.
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generation of CTF1 and CTF2 N-cadherin fragments. This

stimulation was lost after simultaneous addition of the

ADAM10 inhibitor GI254023X (Figure 3D), indicating that

the ADAM10-mediated N-cadherin ectodomain cleavage can

be modulated by the presence of neurotransmitters and might

influence synaptic plasticity.

Cadherin-mediated cell–cell adhesion is upregulated in

ADAM10-deficient fibroblasts

The adhesion between ADAM10-deficient cells was much

stronger, as indicated by failures to mechanically disrupt

cell aggregates, which was easily achieved in wild-type

fibroblasts (Figure 4A). Since an increased N-cadherin cell

surface expression enhances cell adhesion (Steinberg and

Takeichi, 1994; Yap et al, 1997b), we next investigated to

what extent ADAM10 could be involved in the regulation of

cell surface expression of N-cadherin. For this purpose, cells

were stained with antibodies against the extracellular region

of N-cadherin (GC4, Figure 4B). In comparison to wild-type

cells, ADAM10-deficient fibroblasts showed an increased ex-

pression of full-length N-cadherin at the cell surface as

determined by flow-cytometric analysis (Figure 4B). To elu-

cidate the relevance of this increase for cell–cell adhesion,

calcein-stained wild-type and ADAM10-deficient cells were

seeded on top of an unstained monolayer of corresponding

cells in the presence or absence of EGTA, the inhibitory

N-cadherin antibody GC4 or the corresponding isotype con-

trol. After 20 min incubation, nonadherent cells were washed

away and the remaining fluorescent cells were quantified

(Figure 4C). While the Ca2þ -and N-cadherin-independent

adhesions were comparable, ADAM10-deficient cells showed

an increased N-cadherin-dependent cell–cell adhesion. We

confirmed this result in a cell–substrate adhesion assay

(Figure 4D). For this assay, 96-well plates were coated with

recombinant N-cadherin or buffer overnight, and afterwards

the adhesion of wild-type and ADAM10-deficient cells was

analysed after 20 min incubation. Likewise, this assay de-

monstrated an increased N-cadherin-mediated adhesion in

ADAM10-deficient cells.

ADAM10 colocalises with N-cadherin and affects its

distribution in fibroblasts

ADAM10 staining has already been described in different cell

types to be localised in the Golgi apparatus and at the cell

surface (Lammich et al, 1999; Gutwein et al, 2003). This

holds also true for wild-type MEFs (Supplementary Figure F).

ADAM10 as well as N-cadherin both localise in a region near

the nucleus and at the plasma membrane. The analysis of

N-cadherin expression in ADAM10-deficient cells showed

that N-cadherin surface-bound immunoreactivity was much

stronger in ADAM10-deficient cells as compared to the stain-

ing in control cells and was distributed in an almost contin-

uous belt along the region of cell–cell contact (Figure 5A,

upper panel). Similar results were obtained when wild-type

cells were treated with the ADAM10 protease inhibitor

GI254023X (Figure 5A, lower panel). In contrast, untreated

wild-type cells only showed minimal expression at the cell

surface restricted to short segments on cell borders at the cell

boundary (Figure 5A, top left). Our finding that full-length

N-cadherin co-precipitates with ADAM10 in wild-type

fibroblasts in co-immunoprecipitation (IP) experiments

(Figure 5B) and the observation that recombinant ADAM10

can cleave recombinant N-cadherin in vitro (data not shown)

provides additional evidence for an interaction of these

proteins.
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Figure 3 ADAM10-mediated N-cadherin shedding in neuronal cells.
(A) Overexpression of ADAM10 protein in mouse N2A cells. Cells were
transiently transfected with ADAM10 or empty vector. Subsequently,
cells were lysed and analysed by Western blotting using anti-ADAM10
antibodies. The same blot was reprobed with anti-N-cadherin anti-
bodies. (B) H4 cells were transiently transfected with pSUPER-ADAM10
siRNA or empty vector. Cell pellets were harvested 72h after transfec-
tion and analysed for ADAM10 expression. Membranes were reprobed
with anti-N-cadherin antibodies. (C) Densitometric analysis of (B). (D)
H4 cells were incubated in the presence or absence of NMDA (50mM)
and the ADAM10 inhibitor GI254023X (5mM) for 30min.
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In embryonic day (E) 9.5-old embryos, N-cadherin and

ADAM10 were colocalised in different regions of the embryo,

such as somites (upper panel of Figure 5C), heart (lower

panel of Figure 5C) and neural tube (not shown), giving

further support that both proteins are functionally linked.

Within the heart anlage, both ADAM10 and N-cadherin were

present on the membranes of cardiomyocytes, and N-cadher-

in also featured an intense expression in the surrounding

pericardial sac. In somites, both proteins concentrate along

the surfaces of the dermatomyotome cells at their interface

with the ectoderm, and extend well into the intersomitic

clefts.

In order to analyse N-cadherin distribution in the

ADAM10-deficient embryo, we performed whole-mount

staining with a N-cadherin antibody at embryonic day 9

(Supplementary Figure G). In both embryos, N-cadherin

was found to be expressed in the optic and otic pit, in the

heart anlage and in the neural tube, like it has also been

described by Radice et al (1997). The only difference was that

the N-cadherin expression in the somites was apparently

lower in the ADAM10 knockout mice, probably related to

the developmental differences of the embryos. Since ADAM10

has also been described to cleave several other substrates like

EGF or Notch, which are also critically involved in develop-

ment, the combination of several protein-processing distur-

bances might be important to understand the altered

N-cadherin distribution. These findings highlight the much

more complex situation in the embryo and indicate that the

ADAM10 knockout phenotype is probably a result of an

impaired shedding of different substrates.

b-Catenin recruitment to cell surface leads to impaired

signal transduction in ADAM10-deficient cells

b-Catenin and its homolog armadillo from Drosophila are

components of the Wnt/wingless signal pathway that plays

a key role in embryogenesis (Nelson and Nusse, 2004). b-

Catenin exists in two pools in the cell. The levels of the

cytoplasmic, soluble pool are regulated by Wnt and adeno-

matous polyposis coli (APC). A cell membrane-bound pool

is linked to cadherins, also affecting the overall b-catenin
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Figure 4 Increased N-cadherin-mediated adhesion of ADAM10-
deficient cells. (A) Increased adhesion between ADAM10-deficient
cells. Confluent monolayers of ADAM10-deficient and wild-type
MEFs were mechanically dissociated though 30-times pipetting
with a 5 ml pipette. Afterwards, the cells were photographed
and the amount of aggregates was quantified with a Casy TT
cell Counter system (Schärfe System, Reutlingen, Germany)
(bars¼ 50mm). (B) Surface expression of N-cadherin. Cells were
harvested and investigated for N-cadherin surface expression by
flow cytometry with an N-terminal antibody (GC4). Unspecific
antibody binding was evaluated with IgG1 control. Since isotype
control of wild-type and ADAM10-deficient cells looked identical,
only the wild-type control is shown. Results are representative for
two independent cell lines. (C) ADAM10 deficiency leads to in-
creased cell–cell adhesion. Calcein-labelled wild-type and ADAM10-
deficient fibroblasts were seeded on top of an unlabelled monolayer
of the corresponding cells in the presence or absence of EGTA
(5 mM), the inhibitory anti-N-cadherin antibody GC4 or the corre-
sponding IgG1 isotype (control). After 20 min of incubation, cells
were washed and the remaining fluorescence was calculated as
percentage of total fluorescence before washing. The isotype control
was also representative for the adhesion of untreated cells (not
shown). (D) Cell adhesion on recombinant N-cadherin. Calcein-
stained wild-type and ADAM10-deficient MEFs were seeded in N-
cadherin- or PBS/BSA-coated wells of a 96-well plate in triplicates.
After 20 min incubation, nonadherent cells were washed away with
PBS and the fluorescence of the remaining cells was quantified as
percentage of total fluorescence.
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distribution and b-catenin-dependent signalling. Indeed, in

ADAM10-deficient cells, b-catenin immunostaining

(Figure 6D) was closely associated with the increased

N-cadherin staining (Figure 6B), while in wild-type cells

much weaker signals, both for N-cadherin and b-catenin

(Figure 6A and C), were observed. b-Catenin immunoreac-

tivity was mainly located in the cytoplasm of these cells.

We confirmed biochemically the increased association of

N-cadherin and b-catenin by co-IP experiments using anti-N-

cadherin antibodies as well as anti-b-catenin antibodies

(Figure 7A). The suitable antibody concentration was deter-

mined by titration and the efficiency of IP was controlled by

immunoblots comparing the amount of N-cadherin and b-

catenin before and after the IP (Supplementary Figure H). In

ADAM10-deficient cells, similar levels of N-cadherin

(Figure 7A, upper panel) and b-catenin (lower panel) were

immunoprecipitated with N-cadherin, or in the reverse ex-

periment with b-catenin (Figure 7A, lanes 3 and 4). In

contrast, less b-catenin immunoreactivity was co-precipitated

with N-cadherin antibodies (lane 1) and, vice versa, less

N-cadherin was present in the b-catenin immunoprecipitates

in wild-type cells compared to ADAM10-deficient cells (lower

panel, lanes 1 and 3), even though the b-catenin overall

content was comparable (lower panel, lanes 2 and 4), in-

dicating an increased number of N-cadherin/b-catenin com-

plexes in ADAM10-deficient fibroblasts. b-Catenin was shown

to associate with transcription factors of the LEF/TCF family,

forming a complex that can transactivate genes containing a

LEF/TCF-binding sequence. To assess whether the observed

alterations in b-catenin distribution in ADAM10-deficient
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cells were also functionally significant, we transfected these

cells and wild-type MEFs with the b-catenin/TCF transcrip-

tional reporter TOP-FLASH or a control reporter with mutated

TCF-binding sites (FOP-FLASH). In wild-type cells, we ob-

served a six-fold higher basal expression of the b-catenin

reporter as compared to ADAM10-deficient cells (Figure 7B).

To further explore the consequences of this reduced b-catenin

transcriptional activity, we monitored the transcription of

b-catenin target genes such as c-myc and cyclin D1 and c-

jun (He et al, 1998; Mann et al, 1999; Shtutman et al, 1999;

Tetsu and McCormick, 1999).

Expressions of the proto-oncogene c-jun, a component of

the AP-1 transcription factor complex, as well as c-myc

were reduced in two independently derived ADAM10-defi-

cient cell lines (Figure 7C). This was also the case for

the expression level of cyclin D1, which plays a critical role

in cellular proliferation and survival (Brown et al, 1998).

In order to verify that cyclin D1 is indeed regulated through

b-catenin/TCF signalling in the MEFs, we analysed cyclin

D1 expression and activation in a luciferase reporter assay

after transfection of b-catenin or a dominant-negative (DN)-

TCF-4 construct (Supplementary Figure I). Indeed, DN-TCF-4

decreased cyclin D1 expression and activation. Vice versa,

b-catenin overexpression correlated with an increase in the

expression of the predicted downstream genes (Supplementary

Figure J).

To further elucidate the in vivo relevance of ADAM10 in

b-catenin signalling, we analysed lysates of wild-type and

ADAM10-deficient embryos by Western blotting. Our immu-

noblot analysis (Figure 7D) showed that the CTF was also

missing in the ADAM10-deficient embryo even though the

full-length protein was expressed. Together with the coloca-

lisation of N-cadherin and ADAM10 in wild-type embryos
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(Figure 5C), this clearly indicates an in vivo relevance of the

ADAM10/N-cadherin interaction. Moreover, ADAM10 defi-

ciency was correlated with an absence of N-cadherin CTF1,

but also with dramatically reduced cyclin D1 expression level

(Figure 7D). We finally confirmed the essential role of

ADAM10 in this signalling event by restoring its expression

in the fibroblasts in a dose-dependent manner. The ADAM10

expression level correlated with the rescue of expression of

c-myc, cyclin D1 and c-jun (Figure 7E). Noteworthy, stimula-

tion of the ADAM10-mediated N-cadherin shedding (e.g. IM)

correlated with an increase of cyclin D1 expression in wild-

type cells, which could not be observed when these cells were

stimulated in the presence of the ADAM10 inhibitor and

remained nearly absent in ADAM10-deficient cells

(Supplementary Figure K). Thus, our findings suggest that

ADAM10 is not only regulating cell–cell adhesion but is also

involved in the regulation of crucial intracellular signalling

pathways.

Discussion

Here, we have provided multiple lines of evidence that the

metalloproteinase ADAM10 is responsible for the initial and

crucial proteolytic processing of N-cadherin, leading to the

generation of the CTF1 fragment and thereby modulating

cell–cell adhesion as well as signal transduction through

influencing the cytoplasmic b-catenin pool. Apart from the

identification of ADAM10 as the major proteinase responsible

for N-cadherin ectodomain cleavage in fibroblasts and neu-

ronal cells, we demonstrate how this cleavage is involved in

the regulation of cell adhesion on the one hand and gene

transcription on the other hand.

While ADAM10 activity has been implicated in the con-

stitutive shedding of several substrates, many authors attri-

bute stimulated shedding to ADAM17 (Lammich et al, 1999;

Sahin et al, 2004). In contrast, we demonstrate here that both

constitutive and inducible ectodomain shedding of N-cadher-

in was lost in ADAM10-deficient cells. Cadherin-mediated

adhesion is regulated by a variety of eternal stimuli mostly

mediated by tyrosine phosphorylation or PKC activation

(Winkel et al, 1990; Yap et al, 1997a). Our findings reveal

in addition a time- and ADAM10-dependent stimulation of

N-cadherin shedding after IM treatment. This is in accor-

dance with the observations that calcium imbalance dis-

rupted cadherin mediated cell–cell adhesion (Ito et al, 1999;

Ko et al, 2001). Thus, activation of ADAM10 via calcium

influx may provide an important mechanism for regulating

dynamic processes during tissue remodelling and tissue

repair after injury.

The strength of cell–cell interaction can be affected by

changing the expression level of cadherins on the cell surface

(Steinberg and Takeichi, 1994; Yap et al, 1997b). We demon-

strate here that ADAM10 is critically involved in regulating

N-cadherin-mediated cell–cell adhesion. While this interac-

tion correlates with increased amounts of full-length N-cad-

herin on the cell surface of ADAM10-deficient fibroblasts, the

in vivo situation turned out to be more complicated. Despite

the partial similarity of ADAM10-deficient mice and N-cad-

herin-deficient mice (day of embryonic lethality and impaired

development of the heart, neural tube and somites),

N-cadherin distribution and expression in ADAM10 knockout

embryos can apparently not be directly correlated with the

ADAM10 phenotype. Since ADAM10 seems to be involved in

the processing of several important proteins, it is much more

likely that the phenotype of the embryo as well as N-cadherin

distribution is related to various endogenous substrates

which are cleaved by ADAM10, and different signalling path-

ways which are affected by the missing initial ectodomain

cleavage. Taking this complex situation into account, it is

even more surprising that ADAM10-mediated N-cadherin

shedding can apparently not be compensated in the embryo

(Figure 7D).

Previous studies have shown that E-cadherin cleavage and

the subsequent degradation of the cytoplasmic domain lead

to translocation of b-catenin from the cell–cell contacts to the

cytoplasm (Ito et al, 1999). b-Catenin is a central component

of the Wnt signalling pathway, which is of key importance in

development as well as implicated in a variety of human

cancers (Nelson and Nusse, 2004). Overexpression of cadher-

ins in the embryos of Xenopus leavis and Drosophila inhibited

signal transduction via b-catenin/armadillo (Fagotto et al,

1996; Sanson et al, 1996). When b-catenin is removed from

its cytoplasmic pool, it becomes inaccessible for participating

in signalling. On the contrary, elevated cytosolic levels are

associated with increased b-catenin nuclear accumulation

and LEF-1-mediated transcription (Sadot et al, 1998; Simcha

et al, 2001). The enhanced N-cadherin surface expression

caused by ADAM10 deficiency was directly correlated with a

high b-catenin level at the cell membrane. b-Catenin trans-

activation has been shown to induce a set of genes critical for

cell proliferation and cell survival, including cyclin D1

(Shtutman et al, 1999), c-myc (He et al, 1998) and c-jun

(Mann et al, 1999), and we show here the decreased expres-

sion of these different genes in ADAM10-deficient cells. These

findings phenotypically correlate with an extremely retarded

proliferation of ADAM10-deficient primary mouse fibroblasts

compared to the wild-type cells (data not shown).

The cytoplasmic b-catenin level can be downregulated

either by binding to cadherins at the cell surface or through

association with a complex containing the APC protein.

Conversely, Wnt binding to its receptor results in accumula-

tion of cytoplasmic b-catenin and activation of transcriptional

events. Although we cannot formally exclude that ADAM10

also directly or indirectly influences proteins of the APC

complex, we propose that the ADAM10-dependent regulation

of b-catenin downstream genes is likely related to the clea-

vage of N-cadherin and possibly also other cadherins, which

might also influence b-catenin-mediated target gene expres-

sion. Interestingly, the loss of E-cadherin and the gain of

N-cadherin expression has been correlated with the transition

from a benign tumour to an invasive, metastatic cancer. In

this context, regulation of N-cadherin cell surface expression

seems to be an important prerequisite for tumour cell migra-

tion (Hazan et al, 2000; Li et al, 2001), while b-catenin

accumulation could contribute to neoplastic transformation

by accumulation of c-myc, c-jun and cyclin D1, leading to

uncontrolled progression into the cell cycle (Korinek et al,

1997; Morin et al, 1997). Therefore, inhibition of ADAM10

might not only limit cell migration due to decreased

N-cadherin shedding but also control the proliferation of

tumour cells due to downregulation of b-catenin signalling.

In conclusion, we have shown that the metalloproteinase

ADAM10 is crucial for the constitutive as well as for the

induced shedding of N-cadherin. This proteolysis influences
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cell–cell adhesion as well as cell signalling in physiological,

but probably also in pathological, conditions. The coordi-

nated interaction of ADAM10 and N-cadherin may be sig-

nificant for the coordinated interplay between cell–cell

adhesion, cell detachment, cell proliferation and cell survival

during embryogenic development, in wound healing and

during tumour invasion.

Materials and methods

Primary antibodies and reagents
Primary antibodies against mouse proteins included anti-N-cadher-
in antibody (BD Bioscience), b-catenin antibody, c-jun and c-myc
antibodies from Santa Cruz Biotechnology, Inc. and anti cyclin D1
(Labvision) antibody. b-Tubulin antibody (E7) and N-terminal anti-
N-cadherin MNCD2 were from DSHB, Iowa. The monoclonal
N-terminal anti-N-cadherin antibody (A-CAM, clone GC-4) was
purchased from Sigma (Deisenhofen, Germany) and the corre-
sponding control monoclonal IgG1 clone was from R&D Systems
(Wiesbaden, Germany). ADAM10 was detected using a polyclonal
antiserum B42.1 described previously (Hartmann et al, 2002).
g-Secretase inhibitor L-685,458 was a kind gift of Wim Anneart,
University Leuven. PMA, SP, IM and NMDA were purchased from
Sigma. Methyl-b-MCD was obtained from Research Biochemicals
International. Hydroxamate-based inhibitors GW280264 and
GI254023 were described elsewhere (Hundhausen et al, 2003).
Protein G-sepharose beads were purchased from Pierce. Comple-
teTM EDTA-free proteinase inhibitor mixture was obtained from
Roche Molecular Biochemicals (Mannheim, Germany).

Cell culture, stimulation and transfection
Simian virus large T-antigen (SV-T)-immortalised and primary MEF
cell lines from ADAM10�/�, ADAM9�/�, ADAM15�/�, ADAM17�/�

mice, BACE1�/�, PS1�/�, PS1/2�/� and respective wild-type
animals were generated and characterised as described elsewhere
(Hartmann et al, 2002; Weskamp et al, 2002; Lichtenthaler et al,
2003; Sahin et al, 2004). All cells were grown in DMEM (high
glucose) (PAA Laboratories) supplemented with 10% foetal calf
serum and 1% penicillin/streptomycin. For FACS analysis and
adhesion assays, cells were harvested under cadherin-saving
conditions (Boterberg et al, 2001). The cloning of ADAM10 in
pcDNA3.1 vector (Invitrogen, Karlsruhe, Germany) was reported
previously (Hundhausen et al, 2003). Human neuronal H4 cells,
kindly provided by J Wilfang (Erlangen, Germany), and mouse
neuroblastoma cells (N2a) were transfected in six-well tissue
culture plates with FuGENE 6 (Roche) according to the manufac-
turer’s instructions.

siRNA transfection
The mammalian expression vector pSUPER, kindly provided by
Dr Brummelkamp, was used for expression of siRNA in neuronal
H4 cells. The sequence of the human ADAM10 siRNA was as
follows: 50-GACAUUUCAACCUACGAAUTT-30. The sequence was
separated by a nine-nucleotide noncomplementary spacer
(tctcttgaa) from the corresponding reverse complement of the same
19-nucleotide sequence. These sequences were inserted into the
pSUPER backbone after digestion with BglII and HindIII. H4 cells
were transfected with pSuper-ADAM10-siRNA vector with the use of
FuGENE 6 (Roche) according to the manufacturer’s recommenda-
tions.

Flow cytometry
Cells were labelled with anti-N-cadherin (GC4) antibody (1:60) for
1 h, followed by incubation with Cy3-conjugated sheep anti-mouse
F(ab)2 antibody (Dianova). As a negative control, the cells were
labelled with mouse IgG1. By excluding propidium iodide-perme-
able cells, only living cells were analysed by flow cytometry
(FACScan; Becton Dickinson, Heidelberg, Germany).

Immunoblotting and IP
Briefly, cells were lysed in RIPA buffer. Same amounts of protein
were loaded on 10% SDS–PAGE gels and electrotransferred onto
PVDF membranes (Hybond-P; Amersham). Primary antibodies
were detected using peroxidase-conjugated secondary antibodies.

For IP, sepharose-prepared cell lysates were incubated for 2 h at 41C
with the appropriate antibody and protein G sepharose (Pierce).
The beads were resuspended in 2� sample loading buffer and
loaded on 10% SDS–PAGE. For Western blot analysis of super-
natants, cells were incubated in DMEM overnight and supernatants
were concentrated (30-fold) through centrifugation in Microcon
Centrifugal Filter Devices (YM-10, Millipore). More detailed
information is provided in the supplements.

Immunocytochemistry/immunohistochemistry
Cells were fixed and permeabilised with methanol at �201C for
10 min, blocked with 3% BSA in PBS for 15 min, and incubated with
primary antibody (b-catenin (Santa Cruz); N-cadherin (BD
Bioscience)) for 1 h at room temperature, washed three times with
PBS containing 0.2%BSA, and incubated with goat anti-mouse
Alexa Fluors488 or donkey anti-goat Alexa Fluors594 (Molecular
Probes). For immunohistochemistry, embryos were fixed by
immersion in 2% paraformaldehyde. Paraffin sections were
incubated with N-cadherin antibody (BD Bioscience) and detected
by the avidin–biotin complex technique (reagents from Vector,
Burlingame, USA). Nonspecific control staining was performed
using only the secondary antibody.

Luciferase assay
Cells cultured as described previously were transfected 1 day after
plating with 1 mg of TOP-FLASH or FOP-FLASH plus 0.1mg phRG-TK
(Renilla-Luciferase) as a cotransfection control. Cells were lysed
48 h after transfection and the luciferase activity was determined
with a luminometer (TD-20/20 Luminometer Turner Designs, CA,
USA) using the Dual-Luciferase system (Promega). Firefly luciferase
activity, indicating TCF-dependent transcription, was normalised to
the Renilla luciferase activity of each extract. The cyclin D1 reporter
constructs were analysed similar to the TOP-FLASH plasmids.

Whole-mount embryo staining
Embryos were stained according to Radice et al (1997). Briefly, after
heating and incubation in cold methanol containing 3% hydrogen
peroxide for 30 min, the embryos were rehydrated with PBS
containing 0.1% Triton X-100 and incubated with anti-N-cadherin
antibody (MNCD2) 1:100 in PBS with 3% BSA. The samples were
washed three times in PBS and incubated with HRP-conjugated
anti-mouse monoclonal antibody (1:1000 in PBS containing 3%
BSA). After washing, the embryos were incubated with diamino-
benzidine and 0.015% hydrogen peroxide.

Adhesion assays
Detailed information for all adhesion assays is provided in the
supplements.

Briefly, for analysing cell–cell adhesion, MEFs were suspended at
2�106/ml in PBS/0.1% BSA and incubated with 2.5 mM fluorescent
dye (calcein AM; Molecular Probes, Leiden, the Netherlands) at
371C for 30 min. After washing, cells were preincubated with the
inhibitory N-cadherin antibody GC4 (50 mg/ml) or isotype control
(50 mg/ml) for 20 min, with EGTA (5 mM) for 10 min or left
untreated. The labelled MEFs were added to a monolayer of
unstained cells at 5�104 cells per well. The fluorescence signal
from the adherent cells was measured after 20 min incubation
before and after PBS washing (2� 200 ml) using a fluorescence plate
reader (Lambda Fluoro 230; MWG Biotech, Munich, Germany).

To investigate cell substrate adhesion, 96-well plates (Sarstedt
Inc., NC, USA) were coated with 10mg/ml recombinant human
N-cadherin (R&D Systems, Minneapolis, MN) or 10 mg/ml BSA in
100 ml PBS at 41C overnight. Calcein-labelled MEFs were seeded at a
density of 5�104 cells/well and incubated for 20 min and analysed
as described above.

For determining the adhesion capacity of ADAM10-deficient and
wild-type MEFs, confluent monolayers were mechanically disso-
ciated though 30-times pipetting with a 5 ml pipette (Sarstedt) in
5 ml medium, photographed, and the amount of aggregates was
quantified with a Casy TT cell Counter system (Schärfe System,
Reutlingen, Germany).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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