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We showed previously that PrPc undergoes constitu-
tive and phorbol ester-regulated cleavage inside the
106–126 toxic domain of the protein, leading to the pro-
duction of a fragment referred to as N1. Here we show by
a pharmacological approach that o-phenanthroline, a
general zinc-metalloprotease inhibitors, as well as
BB3103 and TAPI, the inhibitors of metalloenzymes
ADAM10 (A disintegrin and metalloprotease); and
TACE, tumor necrosis factor �-converting enzyme;
ADAM17), respectively, drastically reduce N1 formation.
We set up stable human embryonic kidney 293 transfec-
tants overexpressing human ADAM10 and TACE, and we
demonstrate that ADAM10 contributes to constitutive
N1 production whereas TACE mainly participates in
regulated N1 formation. Furthermore, constitutive N1
secretion is drastically reduced in fibroblasts deficient
for ADAM10 whereas phorbol 12,13-dibutyrate-regu-
lated N1 production is fully abolished in TACE-deficient
cells. Altogether, our data demonstrate for the first time
that disintegrins could participate in the catabolism of
glycosyl phosphoinositide-anchored proteins such as
PrPc. Second, our study identifies ADAM10 and ADAM17
as the protease candidates responsible for normal cleav-
age of PrPc. Therefore, these disintegrins could be seen
as putative cellular targets of a therapeutic strategy
aimed at increasing normal PrPc breakdown and
thereby depleting cells of the putative 106–126 “toxic”
domain of PrPc.

Spongiform encephalopathies are neurodegenerative dis-
eases that are characterized by the cerebral deposition of a
33–35-kDa protein called prion (1). It is thought that the prion-
associated pathology occurs when normal prion, referred to as
cellular prion or PrPc, is converted into an insoluble and highly
protease-resistant protein particle called PrPres or scrapie
(PrPsc) (2). Prion diseases, which can be of sporadic or genetic
origins, all led to fatal issues (1). Although normal and patho-
genic PrP have the same primary structures, it appears that

they could undergo distinct post-transductional events (2).
Among them, several lines of evidence indicate that PrP is
targeted by distinct proteolytic activities as was shown in nor-
mal and Creutzfeldt-Jakob-affected brains (3). Thus, the nor-
mal cleavage appears to occur at the 110/111–112 peptide bond
(leading to a fragment referred to as N1; see Fig. 1A) whereas
the pathological breakdown is located more N-terminally at the
90–91 site (3). This leftward shift leads to the preservation of
the 106–126 sequence domain of PrP, which behaves as the
toxic “core” of the protein (4, 5). Normal cleavage could be seen
as a means to deplete the protein of its potential pathogenicity.
Thus, the nature of the proteases involved in the “normal”
cleavage of PrPc and the putative up-regulators of such a proc-
ess are of considerable interest.

We demonstrated recently that in human HEK2931 cells, as
well as in murine TSM1 neurons, normal PrPc was cleaved
constitutively (6). As reported previously, the secreted frag-
ment has a molecular mass of about 11.5 kDa and is labeled by
SAF32 and 8G8 but not by PRI308 (see Fig. 1B), which recog-
nizes an epitope overlapping the 111–112 bond (see “Materials
and Methods”). Therefore, both molecular mass and immuno-
logical characterization indicate that the secreted fragment
corresponds to the N1 product generated upon proteolytic at-
tack of PrPc at the 111–112 peptide bond. This hydrolysis could
be up-regulated by several effectors of the protein kinase C
pathway but not by protein kinase A agonists (6). Here we
identified the proteases involved in both constitutive and reg-
ulated hydrolytic pathways by combined pharmacological,
transfection, and knockout analyses.

MATERIALS AND METHODS

Antibodies and Inhibitors—SAF32 raised against the 79–92 residues
of PrP and all other monoclonal antibodies appearing in Fig. 1 have
been characterized previously (7). The rabbit polyclonal AL45 directed
against TACE was described previously (8). ADAM10 was detected with
a polyclonal antibody from Euromedex. Phorbol 12,13-dibutyrate
(PDBu), o-phenanthroline, pepstatin, E64, and 4-(2-Aminoethyl)ben-
zenesulfonyl-fluoride were from Sigma. BB3103 (hydroxamic acid-
based zinc metalloprotease inhibitor) was kindly provided by British
Biotech, and TAPI (a tumor necrosis factor �-converting enzyme inhib-
itor) was kindly supplied by Immunex.

Cell Cultures and Transfections—HEK293 cells were cultured as
described previously (6). HEK293 cells overexpressing ADAM10 or
TACE were obtained after transfection of 2 �g of ADAM10 and TACE
cDNA with DAC30 reagent (Eurogentec). Positive clones were identi-
fied by Western blot analysis by means of the above anti-TACE- and
-ADAM10-specific polyclonal antibodies. Cells were maintained at
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37 °C in 5% CO2 in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum containing penicillin (100 units/ml�1), strep-
tomycin (50 mg/ml�1), and geneticin (0.5 mg/ml�1). Mouse embryonic
fibroblasts (wild-type, ADAM10�/�, and TACE�/�) were cultured at
37 °C in 5% CO2 in 50% Dulbecco’s modified Eagle’s medium/50%
Ham’s F-12 containing 5% fetal calf serum containing penicillin (100
units/ml�1) and streptomycin (50 mg/ml�1).

Detection of ADAM10 and TACE—HEK293 cells grown in 35-mm
dishes were washed twice with phosphate-buffered saline and resus-
pended in 500 �l of lysis buffer (10 mM Tris/HCl, pH 7.5, 150 mM NaCl,
0.5% Triton X-100, 0.5% deoxycholate, 5 mM EDTA) in the presence of
a protease inhibitor mixture (Sigma) and then 50 �g of protein were
subjected to SDS-polyacrylamide gel electrophoresis on an 8% Tris/
glycine gel. Proteins were transferred onto nitrocellulose membrane (2
h, 100 V) and incubated overnight at 4 °C with AL45 or anti-ADAM10
antibodies (dilution 1/1000 in phosphate-buffered saline/0.05%
Tween/5% milk). Bound antibodies were detected using a goat anti-
rabbit peroxydase-conjugated secondary antibody (dilution 1/5000)
(Amersham Pharmacia Biotech), and immunological complexes were
revealed with enhanced chemiluminescence as described (6).

Detection of N1 and PrPc—Identification and immunological charac-
terization of N1 was reported previously (6). Briefly, cells cultured in
35-mm dishes were washed twice with phosphate-buffered saline and
incubated for 8 h at 37 °C in the absence (control) or in the presence of
various pharmacological agents in 1 ml of serum-depleted Dulbecco’s
modified Eagle’s medium. Media were collected, immunoprecipitated,
and identified by Western blot analysis with SAF32 (see Ref. 6 for
details). Corresponding cells were lysed, and PrPc was detected by
Western blot analysis as reported (6).

Statistical Analysis—Statistical analyses were performed with
Prism software (Graphpad Software, San Diego, CA) using the un-
paired t test for pairwise comparisons. All results are expressed as
means � S.E. values, and statistical significance corresponds to a p
value �0.05.

RESULTS AND DISCUSSION

We established that among a series of classical inhibitors
that target distinct classes of proteases, only o-phenanthroline,
a zinc-metalloprotease-blocking agent, was able to drastically
(and to a similar extent) reduce N1 production by TSM1 and
HEK293 cells whereas serine, thiol, and acidic protease inhib-
itors were ineffective (Fig. 2A). To identify putative metalloen-
zymes involved in N1 production, we examined the effect of
TAPI and BB3103. These inhibitors have been shown to block
ADAM10 (a disintegrin and metalloprotease) and TACE (9, 10).
These metalloenzymes are responsible for the “shedding” of
various transmembrane proteins (11, 12) and have been shown
to contribute to the constitutive and protein kinase C-regulated

�-secretase cleavage of the �-amyloid precursor protein in var-
ious cell lines including HEK293 cells (13–15). Both TAPI and
BB3103 significantly reduce the production of N1 in TSM1 and
HEK293 cells (Fig. 2B). It is noteworthy that a 10 �M con-
centration of TAPI and BB3103 diminishes constitutive N1
production to a same extent but does not totally abolish its
formation (Fig. 2C, from four independent experiments). Fur-
thermore, we established that TAPI and BB3103 did not pro-
duce an additive effect on constitutive N1 production, indicat-
ing that the two inhibitors likely block an identical protease
involved in basal N1 production (not shown). Interestingly,
TAPI-and BB3103-mediated reduction of N1 is very similar to
that achieved by means of o-phenanthroline (Fig. 2, A–C).

To delineate the respective contribution of ADAM10 and
TACE in N1 formation, we set up stably transfected HEK293
cells overexpressing these enzymes (Fig. 3A). The PDBu-sensi-
tive N1 formation was drastically enhanced in TACE-express-
ing cells but not in ADAM10 transfectants (Fig. 3, B and C). By
contrast, ADAM 10 slightly increases constitutive production of
N1 (not shown).

The contribution of ADAM10 and TACE in the constitutive
and PDBu-regulated N1 formation, respectively, was further
examined by the selective depletion of their genes. First, we
verified that wild-type mice embryonic fibroblasts also exhibit

FIG. 1. PrPc structural organization and immunological char-
acterization of N1. A, schematic representation of PrPc showing the
octarepeat domain (gray box) and the 106–126 neurotoxic fragment
(black box). Arrow indicates the reported (see Ref. 3) proteolytic cleav-
age occurring at position 111–112 generating an 11.5-kDa N-terminal
fragment (N1) and an 18.5-kDa C-terminal fragment (C1). Epitopes
recognized by the various monoclonal antibodies used are indicated. B,
immunological characterization of the N1-secreted fragment following
SAF32 immunoprecipitation and Western blot analysis with the indi-
cated monoclonal antibodies.

FIG. 2. Effect of protease inhibitors on the secretion of N1 by
PrPc-transfected TSM1 and HEK293 cells. A, PrPc–transfected
TSM1 neurons (black bars) or HEK293 cells (gray bar) were obtained as
described6 and incubated in the absence (control, CT) or in the presence
of the indicated protease inhibitors (AEBSF, 10 �M; E64, 10 �M; Pep-
statin, 10 �M; o-phenanthroline (O Phe), 100 �M). Secretion media were
immunoprecipitated with SAF32, analyzed on a 16.5% Tris/tricine gel,
transferred, and identified by Western blot analysis with SAF32. Bars
represent the densitometric analysis of the N1 fragment secretion ex-
pressed as the percent taken as 100 of N1 recovery in control conditions.
Values are the mean � S.E. of four independent experiments. *, p �
0.02 versus control. B, PrP-expressing TSM1 neurons were treated as
above with 1 or 10 �M of TAPI and BB3103 (BB). Secreted N1 (lower
panels) was detected as above whereas intracellular PrPc (upper panels)
was revealed by Western blot analysis with SAF32. C, histograms
showing quantitative densitometric analyses of N1 fragment generated
by transfected TSM1 neurons (black bars) and HEK293 cells (gray
bars). Values are expressed as percentages of control (white bars) and
represent the mean � S.E. of four independent experiments. *, p � 0.01;
**, p � 0.005; ***, p � 0.001; ****, p � 0.0005 when compared with
control (CT).
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both constitutive and protein kinase C-regulated N1 formation
(Fig. 4A). As expected, TACE�/� and ADAM10�/� fibroblasts
did not display TACE and ADAM10 immunoreactivities (Fig.
4B). The deficiency of ADAM10 gene led to a mean 51% reduc-
tion of constitutive N1 formation without altering the extent of
the responsiveness to phorbol esters (Fig. 4, C and E). This
reduction was consistently observed with three distinct clones
(clone 3, 44 � 7% of inhibition, n � 4; clone 7, 70 � 4, n � 4;
clone 40, 48 � 11, n � 6). Conversely, TACE gene disruption
fully abolishes the phorbol ester-stimulated N1 production
without significantly affecting N1 constitutive production (Fig.
4, D and F).

Transfection analysis and gene disruption clearly demon-
strated that the PDBu-regulated pathway of normal PrPc is
fully ascribable to TACE. By contrast, it appears that ADAM10
only partially contributes to the constitutive N1 formation as
underlined by the 50% inhibition of N1 recovery observed in
ADAM10�/� fibroblasts. This extent of inhibition (about 50%)
matches that observed with the disintegrin inhibitors TAPI
and BB3103 (Fig. 2). That TAPI- and BB3103-sensitive consti-
tutive N1 formation is because of ADAM10 appears likely, but
one cannot exclude the possibility that another disintegrin(s)
also contribute to residual N1 production. In this context, it
should be noted that Schlöndorff et al. (16) described recently
two shedding proteases that, based on pharmacological and
biochemical properties, appear distinct from TACE and
ADAM10 and that could be detected in mouse embryonic
fibroblasts.

It is noticeable that shedding enzymes have been character-
ized as proteolytic activities involved in the release of extracel-
lular domains of various transmembrane proteins (11, 12). Our
study is, to our knowledge, the first demonstration of the in-

volvement of disintegrins in the cleavage of a glycosylphos-
phatidylinositol-anchored proteins.

The parallel between the physiological cleavage occurring on
the �-amyloid precursor protein (�APP) and PrPc is extremely
interesting. Thus, �APP undergoes a normal cleavage by an
activity referred to as �-secretase (for review see Ref. 17). This
processing leads to the secretion of sAPP�, an N-terminal frag-
ment exhibiting neuroprotective and cytotrophic properties
(18). Several studies indicated that sAPP� production could
also be constitutive or regulated in a protein kinase C-depend-
ent manner (for review see Ref. 17). Interestingly, several
studies reported on a major involvement of disintegrins in the
�-secretase cleavage of �APP. Thus, ADAM10 appears to con-
tribute to the constitutive sAPP� production in various cell
lines (13–15) whereas TACE is predominantly responsible for
PDBu-regulated �-secretase cleavage (14). In both �APP and
PrPc catabolisms, it appears that an additional and yet uniden-
tified activity also participates to the constitutive production of
either sAPP� (15) or N1 (present work). Overall, the above
observations indicate that both �APP and PrPc undergo con-
stitutive and protein kinase C-dependent normal cleavage be-
cause of two disintegrins, ADAM10 and TACE, mainly respon-
sible for the basal and regulated breakdowns, respectively.

ADAM10 and TACE cleavages occur at the 110–111/112
bond, i.e. inside the 106–126 domain that has been suggested
to bear the toxic potential of the protein. Here again, it is
striking to note that �-secretase, when targeting �APP, cleaves

FIG. 3. Influence of TACE and ADAM10 overexpression on N1
fragment secretion by HEK293 cells. A, Western blot analysis of
mock, TACE, and ADAM10 stably transfected HEK293 cells. Homoge-
nates were prepared as described under “Materials and Methods” and
then proteins (25 �g) were separated by 8% Tris/glycine SDS-polyacryl-
amide gel electrophoresis and immunoblotted with TACE- and
ADAM10-specific polyclonal antibodies at the appropriate dilutions (see
“Materials and Methods”). B, mock-transfected (M), TACE (T)- and
ADAM10 (A)-overexpressing HEK293 cells were incubated without
(CT) or in the presence of PDBu (1 �M) and then PrPc and N1 fragment
were detected as in Fig. 2. C, densitometric analysis of N1 obtained in
PDBu-treated conditions and expressed as the percent of control (ob-
tained in the absence of PDBu). Values are the mean � S.E. of six
independent experiments. *, p � 0.001; **, p � 0.0001 (unpaired t tests).
NS, non statistically significant.

FIG. 4. Influence of TACE and ADAM10 deficiency on consti-
tutive and regulated N1 secretion. A, N1 fragment and PrPc were
quantified in wild-type mouse embryonic fibroblasts in the absence (�,
white bar) or in the presence (�, black bar) of PDBu (1 �M). Densito-
metric analysis represents the mean � S.E. of four experiments. *, p �
0.0001. B, TACE and ADAM10 immunoreactivities in wild-type (WT),
TACE�/�, and ADAM10�/� mouse embryonic fibroblasts. C and D,
constitutive and PDBu-stimulated generation of N1 by wild-type (WT)
and ADAM10�/� (C, clone 7) or TACE�/� (D) cells. E and F represent
the densitometric analyses of the N1 fragment expressed as the per-
centage of control (i.e. the amount of N1 secreted in wild-type cells in
the absence of PDBu) and are the mean � S.E. of seven (TACE) to 13
(ADAM10; mean value of three clones; see “Results”) independent ex-
periments. *, p � 0.0001 when compared with control (unpaired t tests).
NS, non statistically significant.
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inside a sequence domain corresponding to the �-amyloid pep-
tide, the “pathogenic” component of senile plaques invading the
cortical areas of Alzheimer’s disease-affected brains (19). Inter-
estingly, it was shown that the enhancement of �-secretase
cleavage by protein kinase C activation in mice engineered to
overproduce the A� peptide led to a 50% inhibition of A� load
in mouse brain (20). Therefore, ADAM10 and TACE could
theoretically be seen as potential therapeutic targets, and in-
creasing their activity could be seen as a means to deplete cells
from the 106–126 toxic core borne by PrPc.

Endogenous PrPc is thought to be necessary for infectivity of
pathogenic inoculates in mice (1, 21). Infectious inoculates are
innocuous in mice in which the PrP gene has been knocked out.
Whether infectivity is also reduced in mice overexpressing
ADAM10 or TACE because of reduced endogenous content of
PrPc is currently being examined.
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