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PrPC Homodimerization Stimulates the Production of PrPC

Cleaved Fragments PrPN1 and PrPC1
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An endoproteolytic cleavage termed �-cleavage between residues 111/112 is a characteristic feature of the cellular prion protein (PrP C).
This cleavage generates a soluble N-terminal fragment (PrPN1) and a glycosylphosphatidylinositol-anchored C-terminal fragment
(PrPC1). Independent studies demonstrate that modulating PrP C �-cleavage represents a potential therapeutic strategy in prion dis-
eases. The regulation of PrP C �-cleavage is unclear. The only known domain that is essential for the �-cleavage to occur is a hydrophobic
domain (HD). Importantly, the HD is also essential for the formation of PrP C homodimers. To explore the role of PrP C homodimerization
on the �-cleavage, we used a well described inducible dimerization strategy whereby a chimeric PrP C composed of a modified FK506-
binding protein (Fv) fused with PrP C and termed Fv-PrP is incubated in the presence of a dimerizer AP20187 ligand. We show that
homodimerization leads to a considerable increase of PrP C �-cleavage in cultured cells and release of PrPN1 and PrPC1. Interestingly,
enforced homodimerization increased PrP C levels at the plasma membrane, and preventing PrP C trafficking to the cell surface inhibited
dimerization-induced �-cleavage. These observations were confirmed in primary hippocampal neurons from transgenic mice express-
ing Fv-PrP. The proteases responsible for the �-cleavage are still elusive, and in contrast to initial studies we confirm more recent
investigations that neither ADAM10 nor ADAM17 are involved. Importantly, PrPN1 produced after PrP C homodimerization protects
against toxic amyloid-� (A�) oligomers. Thus, our results show that PrP C homodimerization is an important regulator of PrP C

�-cleavage and may represent a potential therapeutic avenue against A� toxicity in Alzheimer’s disease.

Introduction
Prion diseases or transmissible spongiform encephalopathies
(TSEs) are fatal neurodegenerative disorders. TSEs result from
the conversion of the cellular isoform of the prion protein (PrP C)
into its �-sheet-rich pathological counterpart PrP Sc (Prusiner
et al., 1998). PrP C is a glycosylphosphatidylinositol (GPI)-
anchored protein mainly present at the plasma membrane. Its
role in the pathology is well established since PrP C expression is
necessary for the development of TSEs (Büeler et al., 1993; Brand-
ner et al., 1996; Mallucci et al., 2003). In contrast, its physiological
function is still under debate (Roucou et al., 2004; Steele et al.,
2007). PrP C undergoes several physiological cleavages, the �- and
�-cleavage, at amino acids 89/90 and 110 –111/112 of human
PrP C, respectively; and a cleavage at amino acids 228/229 result-
ing in ectodomain shedding (Chen et al., 1995; Mangé et al., 2004;
Taylor et al., 2009).

The �-cleavage (also termed C1 cleavage) produces a 17 kDa,
N-terminally truncated fragment termed PrPC1, anchored to the
plasma membrane and a secreted 11 kDa fragment termed PrPN1
(Chen et al., 1995; Mangé et al., 2004). Opposite functions were
attributed to PrPC1 (Sunyach et al., 2007; Lewis et al., 2009;
Westergard et al., 2011). Overexpression of PrPC1 resulted in
increased expression of p53 in HEK293 cells and potentiated
staurosporine-induced apoptosis in HEK293 and primary neu-
ronal cells (Sunyach et al., 2007). Yet PrPC1 is not neurotoxic in
transgenic mice expressing PrPC1 (Westergard et al., 2011). In
addition, PrPC1 is associated with protection against infection
with the prion strain M1000 in cultured cells (Lewis et al., 2009).
Finally, PrPC1 is not a substrate for conversion to PrP Sc and acts
as a dominant-negative inhibitor of this conversion in vivo
(Westergard et al., 2011). PrPN1 also displays neuroprotective
activity against in vivo ischemic stress and against oligomeric
amyloid-� (A�)-associated cell death in primary neurons
(Guillot-Sestier et al., 2009, 2012; Resenberger et al., 2011). Over-
all, these studies point to a possible neuroprotective activity as-
sociated with �-cleavage of PrP C. In favor of this hypothesis,
PrP Sc and toxic PrP mutants are impaired in their �-cleavage
(Oliveira-Martins et al., 2010).

The mechanism by which the �-cleavage is regulated is still
poorly defined. Yet the regulation of and finding the endoproteo-
lytic protease responsible for PrP C �-cleavage (�-PrPase) may be
relevant therapeutic strategies for treatment of TSEs (Oliveira-
Martins et al., 2010; Resenberger et al., 2011). There is evidence
that the metalloproteases ADAM10 (a disintegrin and metallo-
proteinase) and ADAM17 are responsible for the constitutive and
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PKC-regulated �-cleavage in cultured cells, respectively, and
high levels of PrPC1 in the human brain correlates with the pres-
ence of active ADAM10 (Vincent et al., 2001; Laffont-Proust et
al., 2005; Liang et al., 2012). However, �-cleavage occurs nor-
mally in neuron-specific ADAM10 knock-out mice and the
search for other proteases that have the ability to perform the
�-cleavage continues (Altmeppen et al., 2011). The hydrophobic
domain (HD) (amino acids 111–129) of PrP C is essential for the
�-cleavage both in cellulo and in vivo (Bremer et al., 2010;
Oliveira-Martins et al., 2010). Interestingly, the HD is also essen-
tial for PrP C homodimerization and the stress-protective activity
of PrP C (Rambold et al., 2008).

Together, these results led us to speculate that the ho-
modimerization of PrP C could regulate its �-cleavage. Since
�-cleavage occurs intracellularly in a late compartment of the
secretory pathway (Walmsley et al., 2009), we used a dimeriza-
tion strategy based on a permeable homodimerizer AP20187 and
one FK506 binding domain (Fv) fused to PrP C (Spencer et al.,
1993; Goggin et al., 2007). Here, we show that enforced ho-
modimerization considerably increases the release of PrPN1 and
PrPC1 in cultured cells and in primary neurons due to an increase
of PrP C trafficking. We also show that PrPN1 secreted after PrP C

homodimerization has protective functions against A�-
associated cell death.

Materials and Methods
Antibodies. Primary antibodies used were rabbit monoclonal anti-prion
EP1802Y (Abcam), mouse anti-influenza hemagglutinin epitope (HA)
(Covance; clone HA.11), mouse monoclonal anti-A� (Covance; clone
6E10), mouse monoclonal anti-prion SAF32 (Cayman Chemical), rabbit
polyclonal anti-phosphorylated p44/p42 MAPK, rabbit polyclonal anti-
ERK1 (Cell Signaling Technology; clone C-16), mouse monoclonal anti-�-
actin (Sigma-Aldrich; clone ac-15), and mouse monoclonal anti-N-cadherin
(BD Biosciences). Rabbit polyclonal anti-ADAM17/TACE was kindly pro-
vided by Dr. Claire M. Dubois (University of Sherbrooke, Sherbrooke, QC,
Canada). Secondary antibodies used were donkey anti-rabbit and anti-
mouse HRP-conjugated antibodies (GE Healthcare).

Constructs, transfection, stable cell lines, and dimerization. PrP C, Fv-
PrP, and Fv-PrP�GPI cDNAs were described previously (Goggin et al.,
2007). Human embryonic kidney (HEK) cells were cultured in DMEM
supplemented with 10% fetal bovine serum. Cells were maintained at
37°C in 5% CO2 in air. Stable expression of Fv-PrP and Fv-PrP�GPI in
HEK cells were obtained from transfection performed using GeneCellin
(BioCellChallenge) according to the manufacturer’s protocol. The stable
cell lines were selected and kept in the culture medium supplemented
with 125 �g/ml hygromycin (Wisent). For homodimerization of Fv-PrP,
stable cells were plated and incubated for 36 h. The culture medium was
replaced with fresh medium supplemented with vehicle (�AP) or 200 nM

of the dimerizer AP20187 (�AP) for 4 or 20 h (where indicated) at 37°C
and in a 5% CO2 atmosphere. AP20187 was purchased from Invitrogen.

Immunoprecipitation, Western blot, and PNGase F treatment. For
PrPN1 immunoprecipitation, 1 ml of supernatant from cells grown in
six-well plates and treated with vehicle or with the dimerizer AP20187
was collected and subjected to immunoprecipitation with an anti-HA
affinity matrix (Fv-PrP-expressing cells) or SAF32 anti-PrP antibodies
(PrP-expressing cells) for 4 h according to the manufacturer’s protocol
(Roche Applied Science). The matrix was washed three times using PBS,
and bound proteins were eluted by incubating for 3 min at 95°C in 4�
SDS-PAGE sample buffer [0.5% SDS (w/v), 1.25% 2-mercaptoethanol
(v/v), 4% glycerol (v/v), 0.01% bromophenol blue (w/v), 15 mM Tris-
HCl, pH 6.8]. After electrophoresis, proteins were transferred on PVDF
membrane according to manufacturer’s protocol and immunodetected
using appropriate antibodies.

Cells were lysed in 27 �M ammonium hydroxide (NH4OH) (Bioshop)
for 5 min and sonicated. Samples were quantified using BCA protein
assay reagent (Thermo Fisher Scientific), and 200 �g of protein from

each sample was precipitated using the chloroform/methanol technique
described by Wessel and Flügge (1984). Proteins samples were resus-
pended in 4� SDS-PAGE sample buffer and boiled for 3 min before
electrophoresis and Western blot analysis.

Deglycosylation of cells lysates with PNGase F (New England Biolabs)
was performed according to the manufacturer’s protocol. Briefly, 20 �g
of protein extracted in NH4OH was supplemented with NP-40, boiled
for 10 min, and digested with 500 U of PNGase F for 60 min at 37°C.
Samples were resuspended in 4� SDS-PAGE sample buffer before elec-
trophoresis and Western blot analysis.

MAP kinases p44ERK1 and p42ERK2 phosphorylation. Fv-PrP-expressing
cells were treated with vehicle, with the dimerizer AP20187, or with PrP C

antibody SAF32 for 5 and 30 min. Cells were lysed with NH4OH supple-
mented with 1� phosphatase inhibitor (Thermo Fisher Scientific) and
sonicated. Cell lysates were quantified using BCA protein assay reagent
and subjected to SDS-PAGE and Western blot analysis. Phosphorylation
of MAP kinases p44 ERK1 and p42 ERK2 was normalized to total ERK ex-
pression levels by densitometry.

Reactive oxygen species detection. The oxidable probe 2�,7�-
dichlorofluorescein (DCF-DA) (Calbiochem) was added directly to the
medium at a concentration of 10 �M, and then incubated at 37°C for 30
min. Cells were treated with vehicle or with the dimerizer AP20187 for 30
min at 37°C. Cells were examined with a scanning confocal microscope
(FV1000; Olympus) coupled to an inverted microscope with a 63� oil-
immersion objective (Olympus). Cells were laser excited at 488 nm (40
mW argon laser). Serial horizontal optical sections of 1600 � 1600 pixels
with two times line averaging were taken. Images were acquired during
the same day, typically from three randomly selected fields from each
experimental condition using identical settings of the instrument.

ADAMs mRNA expression and RT-PCR. Human monocytes U-937
were cultured in RPMI 1640 with 10% fetal bovine serum. Total cellular
RNA was extracted from U-937 and HEK cells expressing Fv-PrP using
Qiazol according to the manufacturer’s protocol (QIAGEN). Five micro-
grams of total RNA extract were treated with the RQ1 DNase (Promega).
Complementary DNA was synthesized from 2.5 �g of total RNA with the
AMV reverse transcriptase (New England Biolabs) using oligo-dT 15
primers (Promega). In control experiments, the reverse transcription
mixture lacked the AMV reverse transcriptase. PCR amplification was
performed using the Phusion High-Fidelity DNA polymerase (New
England Biolabs) and specific primers as follows: for ADAM8 (909
bp), forward, 5�-gtcctgcttctcctatgacatcctac-3�, and reverse, 5�-ttttt-
gtggatccgggtgctgtgggagctccggc-3�; ADAM10 (243 bp), forward,
5�-gctgaatggattgtggctcattggtg-3�, and reverse, 5�-ctgcagttagcgtctcatgtgtcc-3�;
ADAM17 (309 bp), 5�-agcagcatggattctgcatcgg-3�; and ADAM17R2,
5�-gctgtcaacacgattctgacgct-3�.

ADAMs inhibition. Vehicle or the general metalloprotease inhibitor
marimastat (Calbiochem) was added directly to the medium at a concen-
tration of 10 �M. After 30 min, cells were treated with vehicle or the
dimerizer AP20187 in the presence of 10 �M marimastat. Supernatants
and cell lysates were collected after 24 h. PrPN1 was recovered from
supernatants by immunoprecipitation. Immunoprecipitates and cell ly-
sates were subjected to SDS-PAGE and Western blot analysis.

ADAM10 and ADAM17 inhibition. Inhibition of ADAM10 and
ADAM17 through siRNA gene silencing was performed as described
previously (Kwak et al., 2009). Briefly, cells were transfected twice with
the SMARTpool siRNA against ADAM10 or ADAM17/TACE (Dharma-
con RNAi Technology) or the off-target siRNA lamin A/C (Dharmacon
RNAi Technology) using GeneCellin according to the manufacturer’s
protocol. Supernatant and cell lysates were collected and subjected to
Western blot analysis.

Quantification of plasma membrane Fv-PrP postdimerization. Ho-
modimerization of Fv-PrP was induced for 4 h. Cells in 24-well plates
were washed with PBS and treated with 0.2 ml of Opti-MEM containing
0.2 U of phosphatidylinositol-specific phospholipase C (PI-PLC) (Invit-
rogen) for 2 h at 37°C and in a 5% CO2 atmosphere. A volume of 0.02 ml
of the conditioned medium was subjected to PNGase F treatment. PI-
PLC-treated cells were lysed with NH4OH. Lysates were subjected to
Western blot analysis with anti-�-actin antibodies to confirm that simi-
lar amounts of cells were used.
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Animals. Murine Fv-PrP was amplified (for-
ward primer, 5�-TAC TCG AGC CGC CAT
GGC GAA CCT TGG CTA CTG G-3�, and re-
verse primer, 5�-TAC TCG AGT CAT CCC
ACG ATC AGG AAG ATG AGG-3�) and
cloned into the XhoI site of MoPrP.Xho
(Borchelt et al., 1996). The targeting DNA was
excised with NotI restrictive enzyme and mi-
croinjected into the pronucleus of fertilized
C57BL/6 mice. Founder lines were identified
by PCR for the transgene using the forward
primer (5�-CTA CTG GCT GCT GGC CCT
CTT TGT GA-3�) and the reverse primer (5�-

TGT GGA CTG ATG TCG GCC TCT GC-3�). Founders were bred to
wild-type C57BL/6 mice. All experiments requiring animals were per-
formed in accordance with a protocol reviewed and approved by the
Institutional Animal Research Review Committee of the University of
Sherbrooke (approval ID number 233-10) in conformity with the Cana-
dian Council on Animal Care.

Dimerization of Fv-PrP in primary neurons. Primary hippocampal and
cortical culture was performed as described by Lopes et al. (2005). Briefly,
primary neuronal cultures were obtained from E15 brains of homozy-
gote (Fv-PrP�/�) transgenic mice expressing murine Fv-PrP. The hip-
pocampal structure or the cortex was aseptically dissected in HBSS
(Invitrogen) and treated with trypsin (0.06%) in HBSS for 20 min at
37°C. The protease was inactivated with 10% FCS in Neurobasal medium
(Invitrogen) for 5 min. After three washes with HBSS, cells were mechan-
ically dissociated in Neurobasal medium containing B-27 supplement
(Invitrogen), glutamine (2 mM; (Invitrogen), penicillin (100 U), and
streptomycin (100 �g/ml). The cells (1 � 10 6 cells) were plated onto
poly-L-lysine-precoated plates for 36 h at 37°C and in a 5% CO2 atmo-
sphere. After induction of homodimerization of Fv-PrP, supernatant and
cells lysates were collected.

Neuroprotection assays. Neuroprotection assays were performed as
previously described (Resenberger et al., 2011). CHO-7PA2 cells were a
kind gift from Drs. Dennis J. Selkoe (Harvard University, Cambridge,
MA) and Marco Antonio Maximo Prado (University of Western On-
tario, London, ON, Canada). CHO-7PA2 cells were cultured in DMEM
supplemented with 10% fetal bovine serum and 200 �g/ml geneticin
(G418). Cells were maintained at 37°C in 5% CO2 in air. Conditioned
medium of CHO-7PA2 cells were mixed with conditioned medium from
homodimerized Fv-PrP-expressing cells in a 1:1 ratio and added to 50%
confluent CHO-7PA2 cells. Coverslips of seeded PrP C-expressing cells
were cocultured with the CHO-7PA2 for 48 h.

For active caspase-3 immunofluorescence, coverslips of Fv-PrP-
expressing cells were fixed with 4% paraformaldehyde for 10 min, per-
meabilized in 0.15% Triton X-100 for 5 min, and blocked with 10%
normal goat serum for 60 min in PBS. Cells were stained for 16 h with an
anti-active caspase-3 antibody followed by incubation with a fluores-
cently conjugated secondary antibody (Invitrogen) for 60 min. Nuclei
were stained with Hoechst and mounted onto glass slides.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP
nick end labeling (TUNEL) assay was performed according to the man-
ufacturer’s protocol (Promega). Briefly, coverslips of Fv-PrP-expressing
cells were fixed with 4% paraformaldehyde for 25 min at 4°C, permeabil-
ized in 0.15% Triton X-100 for 5 min, and treated with the equilibration
buffer for 10 min. Terminal deoxynucleotidyl transferase reaction was
performed in the dark for 60 min at 37°C and stopped by immersion of
the cells in 2� SSC. Nuclei were stained with Hoechst and mounted onto
glass slides.

Active caspase-3 immunofluorescence and TUNEL assays were exam-
ined by epifluorescence microscopy using an Eclipse TE2000-E visible/
epifluorescence inverted microscope (Nikon Corporation) equipped
with bandpass filters for fluorescence of Hoechst (excitation, D340/40;
emission, D420) and GFP (excitation, D450/40; emission, D500/50)
(Nikon Corporation). Photomicrographs of 1344 � 1024 pixels were
captured using 10 and 20� objectives and Orca cooled color digital
camera (Hamamatsu Photonics). Images were processed using NIS Ele-
ments AR software (Nikon Corporation). Totals of 3000 and 30,000 cells

Figure 1. Schematic representation of PrP C and Fv-PrP. The charge cluster 1 (CC1), the octapeptide repeat (OR), the charge
cluster 2 (CC2), and the hydrophobic domain (HD) are depicted on both PrP C and Fv-PrP. The inducible dimerization domain (Fv)
containing a HA tag is inserted between the CC1 and the OR (Goggin et al., 2007). The �-cleavage is represented with the
associated proteolytic fragments length.

Figure 2. Dimerization of PrP C induces the phosphorylation of the MAP kinase p44 ERK1,
p42 ERK2, and ROS production. A, Western blot analysis of ERK using anti-phospho and anti-total
p44 ERK1 and p42 ERK2 antibodies. Fv-PrP-expressing cells were treated with vehicle (�AP),
AP20187 (�AP), or the anti-PrP C SAF32 for 5 min Western blots are representative of four
independent experiments. A densitometric analysis is shown (*p � 0.05). Error bars indicate
SEM. B, Fv-PrP-expressing cells were loaded with 2�,7�-dichlorofluorescein diacetate (DCF)
before the addition of vehicle (�AP) or AP20187 (�AP). ROS production was visualized by
confocal microscopy 30 min after dimerization. Scale bar, 100 �m. Images for ROS detection are
representative of three independent experiments.
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were counted per conditions for immunoflu-
orescence and TUNEL assays, respectively.
Within the same figure, pictures were taken
with the same exposure time.

Preparation of A� monomeric and oligomeric
species. Ten milliliters of conditioned CHO-
7PA2 medium was cleared of cells (200 � g; 10
min; 4°C), and concentrated to 0.5 ml by cen-
trifugation through a 3K Amicon Ultra 15 filter
unit. After lyophilization, the pellet was solubi-
lized with 100 �l of SDS-PAGE sample buffer,
and 25 �l was analyzed by Western blot with
6E10 antibodies.

Densitometric analyses and statistical analy-
sis. All densitometric analyses were performed
using ImageJ software on a minimum of three
independent experiments. All values are ex-
pressed as means � SEM. Data of the phos-
phorylation of the MAP kinase p44 ERK1 and
p42 ERK2, and of the normalized TUNEL and
activated caspase 3 assays were analyzed by a
paired Student t test. Data of the TUNEL and
activated caspase-3 were analyzed by a two-way
ANOVA. All statistical analyses were per-
formed using GraphPad Prism 5 software.

Results
Enforced PrP C homodimerization
We used a well characterized inducible
homodimerization system based on the
dimerization domain Fv containing a HA
tag and the dimerizer AP20187 (Fig. 1)
(Spencer et al., 1993; Eggert et al., 2009).
In contrast to cross-linking antibodies,
AP20187 is permeable and is able to target
intracellular Fv-PrP. This is an essential
characteristic since �-cleavage occurs in
the late secretory pathway (Walmsley et
al., 2009). Fv was inserted in the unstruc-
tured N-terminal moiety of PrP C between
the charge cluster 1 (CC1) (amino acids
23–31) and the octapeptide region (amino
acids 51–91) (Fig. 1). The resulting pro-
tein is termed Fv-PrP, and we previously showed that insertion of
the Fv domain does not interfere with folding, trafficking, local-
ization, and glycosylation of the protein (Goggin et al., 2007). To
verify the functionality of this homodimerization system, we as-
sessed the phosphorylation of the MAP kinases p44 ERK1 and
p42 ERK2 and the production of reactive oxygen species (ROS),
two already-characterized effects of antibody-mediated PrP C ho-
modimerization (Schneider et al., 2003; Rambold et al., 2008).
Homodimerization of Fv-PrP was triggered by adding the syn-
thetic dimerizer AP20187 to HEK293 cells stably expressing Fv-
PrP. The phosphorylation of the MAP kinases p44 ERK1 and
p42 ERK2 was determined using an anti-phospho-p44 ERK1 and
-p42 ERK2 antibodies (Fig. 2A). In a control experiment, Fv-PrP
was cross-linked with SAF32 antibodies. As expected, SAF32-
mediated cross-linking led to a significant increase (2.3 � 0.9) of
the phosphorylation of p44 ERK1 and p42 ERK2 after 5 min of incu-
bation (Schneider et al., 2003). Similarly, dimerization of PrP C

with the dimerizer AP20187 led to a rapid increase (1.4 � 0.1) of
the phosphorylation of both p44 ERK1 and p42 ERK2 (Fig. 2A).
Although PrP C cross-linking resulted in higher levels of p44 ERK1

and p42 ERK2 compared with AP20187-mediated PrP C dimeriza-
tion, the slight increase was consistently observed and statistically

significant. Phosphorylation of p44 ERK1 and p42 ERK2 returned to
basal levels 30 min following SAF32-mediated cross-linking or
treatment with AP20187 (data not shown).

Antibody-mediated PrP C cross-linking also results in the
rapid production of ROS (Schneider et al., 2003). Similarly, we
observed an increased number of fluorescent cells using the ROS-
sensitive probe DCF-DA following 30 min incubation with
AP20187 (Fig. 2B).

PrP C homodimerization increases PrPC1 and PrPN1 levels in
cell lines and primary neurons
The HD is essential for PrP C homodimerization and �-cleavage
(Rambold et al., 2008; Bremer et al., 2010; Oliveira-Martins et al.,
2010). We sought to directly test whether PrP C homodimeriza-
tion could modulate the �-cleavage. Since Fv is present in the
unstructured domain of PrP C (Fig. 1), we took advantage of the
presence of the HA tag in the Fv domain to immunoprecipitate
PrPN1 from the culture medium of Fv-PrP-expressing cells after
AP20187 treatment (Fig. 3A,B). Anti-HA antibodies cannot im-
munoprecipitate PrPN1 from PrP C-expressing cells. Enforced
homodimerization of Fv-PrP-expressing cells induced a large in-
crease of secreted PrPN1. This was mirrored by a significant in-
crease in PrPC1 levels following deglycosylation of cell lysates

Figure 3. Dimerization of PrP C induces a large increase of PrPN1 and PrPC1. A, Western blot analysis of PrPN1, Fv-PrPN1, PrP C,
and PrPC1, and actin with SAF32, EP1802Y, and anti-actin antibodies. Mock-treated HEK293 cells, or PrP C and Fv-PrP-expressing
cells were treated with vehicle (�AP), AP20187 (�AP), or anti-PrP C SAF32 antibodies for 20 h. PrPN1 was immunoprecipitated
from the culture medium. Cell lysates were treated with PNGase to detect PrPC1. B, Densitometric analysis of three independent
experiments (*p � 0.05; ***p � 0.0005). Error bars indicate SEM. C, Western blot analysis of Fv-PrP, Fv-PrPN1, and actin in
primary hippocampal neurons isolated from transgenic mice expressing murine Fv-PrP. PrPN1 was immunoprecipitated from the
culture medium. Cell lysates were treated with PNGase before Fv-PrP detection. Western blots are representative of at least three
independent experiments.
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with PNGase F (Fig. 3A,B). As expected, AP20187 treatment did
not modify PrPC1 levels in PrP C-expressing cells (Fig. 3A). In-
terestingly, SAF32-mediated cross-linking did not alter PrPN1
and PrPC1 levels (Fig. 3A,B). This result confirms that ho-
modimerization of PrP C at the cell surface does not modulate the
�-cleavage or that antibodies binding inhibit the �-cleavage
probably due to steric hindrance, and validates the use of the
inducible dimerization strategy for this study.

To examine the role of PrP C homodimerization in vivo, we
created a transgenic mouse line expressing murine Fv-PrP
(MoFv-PrP) in PrP C genomic context on a wild-type C57BL/6
background (Borchelt et al., 1996). Homodimerization of PrP C

in primary hippocampal neurons isolated from E15 homozygote
transgenic mice (MoFv-PrP�/�) resulted in a large increase of
PrPN1 in the supernatant, confirming our previous results in
cultured cells (Fig. 3C) even though Fv-PrP levels represent only
10% of total PrP levels in these mice (data not shown).

Homodimerization increases PrP C levels at the cell surface
Since �-cleavage occurs in the secretory pathway (Walmsley et
al., 2009), the increase in PrPN1 and PrPC1 levels may result
from either an increase of PrP C secretion or an activation of
�-cleavage. To determine whether PrP C homodimerization in-
creases PrP C secretion, Fv-PrP-expressing cells were treated with
vehicle or AP20187. After 4 h, cells were washed and treated with
PI-PLC to release GPI-anchored Fv-PrP from the cell surface,

and proteins released in the cell superna-
tant were deglycosylated to better com-
pare PrP C levels. Western blot analysis
shows that PrPC levels are clearly enhanced
postdimerization (Fig. 4A). We confirmed
that homodimerization increases cell sur-
face PrPC in primary hippocampal neurons
isolated from MoFv-PrP �/� transgenic
mice (Fig. 4B). Importantly, actin loading
controls confirmed that similar amounts of
cells were used in these experiments.

We reasoned that, if PrP C ho-
modimerization enhances its trafficking
to the plasma membrane, homodimeriza-
tion of PrP�GPI, a mutant without a GPI
anchor and constitutively secreted outside
of the cells, should result in a large in-
crease of PrP�GPI levels in the culture
medium. To test this proposition, we gen-
erated a stable HEK293 cell line express-
ing Fv-PrP�GPI. Similar to Fv-PrP,
Fv-PrP�GPI-expressing cells treated with
AP20187 produced higher levels of PrPN1
and PrPC1�GPI compared with untreated
cells (Fig. 4C). This result also confirms that
�-cleavage is independent of the GPI an-
chor (Walmsley et al., 2009), thus indicating
that homodimerization-induced cleavage
of PrP C has the same characteristics as
normal �-cleavage. More interestingly, in
agreement with our hypothesis, we noticed
that levels of secreted Fv-PrP�GPI were also
considerably enhanced.

Since enhanced trafficking results in
increased production of �-cleavage ca-
tabolites, interfering with PrP C traffick-
ing to the cell surface should inhibit

homodimerization-induced increase in PrPN1. To test this as-
sumption, Fv-PrP-expressing cells were treated with the fungal
metabolite brefeldin A before the addition of AP20187. Brefeldin
A inhibits the transport of proteins from the ER to the Golgi
(Lippincott-Schwartz et al., 1989). As expected, brefeldin A com-
pletely prevented the increase of PrPN1 levels in AP20187-treated
cells (Fig. 4D).

Overall, our results establish that dimerization facilitates PrP C

trafficking through the secretory pathway to the plasma mem-
brane and largely increases the production of PrPN1 and PrPC1.

Dimerization-mediated �-cleavage of PrP C is independent of
ADAM8, 10, and 17
The two metalloproteases ADAM10 and ADAM17 were initially
proposed to be the proteases that are responsible for constitutive
and PKC-regulated �-cleavage of PrP C, respectively, yet their
involvement is currently a matter of debate (Vincent et al., 2001;
Taylor et al., 2009; Oliveira-Martins et al., 2010; Altmeppen et al.,
2011). Recent results suggest that ADAM8 regulates PrP C

�-cleavage in skeletal muscle (Liang et al., 2012). In addition,
although ADAMs are mostly present at the plasma membrane
and PrP C �-cleavage occurs in the late secretory pathway
(Walmsley et al., 2009), there is some evidence that ADAMs can
also process different substrate in the late secretory pathway (Ho-
riuchi et al., 2007; Groma et al., 2011). Overall, the possible role of
ADAMs in the increase of PrPN1 levels after PrP C dimerization is

Figure 4. Dimerization of PrP C increases its trafficking to the cell surface. A, B, Fv-PrP-expressing cells (A) and primary hip-
pocampal neurons expressing murine Fv-PrP (B) were treated with vehicle (�AP) or AP20187 (�AP) for 4 h. Cells were subse-
quently washed and treated with PI-PLC. Released Fv-PrP was treated with PNGase F and detected in the medium with EP1802Y
antibodies. C, Fv-PrP�GPI-expressing cells were treated with vehicle (�AP) or AP20187 (�AP) for 20 h. Secreted Fv-PrP�GPI
and PrPN1 were detected with anti-HA antibodies. Fv-PrPC1�GPI was detected in the medium with EP1802Y antibodies. D,
Fv-PrP-expressing cells were untreated or treated with the fungal metabolite brefeldin A before the addition of AP20187 (�AP) or
vehicle (�AP) for 4 h. Fv-PrPN1 and Fv-PrP were quantified in the culture medium and the cell lysate, respectively. All Western
blots are representative of three distinct experiments, and equal loading was assessed with anti-actin antibodies.
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a hypothesis that could not be ignored. To
address the role of ADAM8, 10, and 17
in dimerization-induced �-cleavage of
PrP C, we first determined their expres-
sion. Total cellular RNA was extracted,
and RT-PCR was performed using spe-
cific primers targeting each ADAM. Only
ADAM10 and ADAM17 were expressed
in our cultured cells, ruling out any func-
tion for ADAM8 (Fig. 5A). Amplification
of ADAM8 was verified in the human
monocytic cell line U-937 (Yoshida et al.,
1990). To assess the role of ADAM10 and
ADAM17, we used the metalloproteinase
inhibitor marimastat. Marimastat did not
prevent the large secretion of PrPN1 after
PrP C dimerization (Fig. 5B). Efficacy of
marimastat was verified with the normal
processing of the N-cadherin by ADAM10,
which produces a fragment termed CTF
(Reiss et al., 2005). In our experimental con-
ditions, marimastat efficiently inhibited the
accumulation of CTF (Fig. 5B). Although
this pharmacological approach indicates
that ADAM10 and 17 are unlikely to be in-
volved in PrPN1 production after AP20187
treatment of Fv-PrP-expressing cells, the
role of constitutively active ADAM10 and
PKC-regulated ADAM17 was addressed in
a follow-up experiment. Indeed, SAF32
antibody-mediated dimerization of PrPC

leads to PKC activation, p44ERK1 and
p42ERK2 phosphorylation, and ROS pro-
duction (Schneider et al., 2003). Similarly,
we showed in Figure 2 that AP20187-
induced PrPC dimerization also induces
p44 ERK1 and p42 ERK2 phosphorylation,
and ROS production, suggesting that
PKC may be activated after AP20187-
mediated dimerization, leading to ADAM17
activation. We transfected HEK293 cells
stably expressing Fv-PrP with ADAM10
or ADAM17 siRNAs. siRNAs targeting
ADAM10 and ADAM17 led to an impor-
tant reduction of the corresponding pro-
teins compared with control cells or cells
treated with the unrelated siRNAs target-
ing the lamin A/C (Fig. 5C). Reduction of
ADAM10 or ADAM17 expression did not result in a significant
decrease of PrPN1 recovered in the supernatant after dimeriza-
tion of Fv-PrP (Fig. 5C). Together, our results confirm that nei-
ther ADAM10 nor ADAM17 is implicated in the �-cleavage of
PrP C.

PrP C homodimerization protects cells against A�
oligomers toxicity
PrP C mediates toxic signaling of �-sheet-rich oligomers via its
N-terminal domain, and a secreted version of PrP C N-terminal
domain significantly interfered with toxic signaling (Resenberger
et al., 2011). Similarly, we reasoned that enforced homodimeriza-
tion of PrP C and subsequent increase of secreted PrPN1 may also
interfere with �-sheet-rich oligomers toxicity. To test this hy-
pothesis, PrP C-expressing cells grown on coverslips were trans-

ferred into cell culture dishes with CHO-7PA2 cells excreting
toxic A� oligomers (Podlisny et al., 1995; Walsh et al., 2002). The
medium was changed with either conditioned medium from Fv-
PrP cells treated with AP20187 (�PrPN1) or medium from Fv-
PrP cells treated with vehicle (�PrPN1). The presence of
monomeric and SDS-stable oligomeric species was detected in
conditioned medium from CHO-7PA2 cells (Fig. 6A). A�
oligomer-mediated apoptotic cell death was determined by acti-
vated caspase-3 (Fig. 6B). Remarkably, conditioned medium
from Fv-PrP cells treated with AP20187 significantly reduced
apoptotic cell death activation of caspase-3 by 71% (Fig. 6B,
inset). We also determined the cytoxicity of A� oligomers and the
protective effect from PrPN1 secreted by Fv-PrP-expressing cells
treated with AP20187 (�PrPN1) with TUNEL assays. Similarly,
conditioned medium from Fv-PrP cells treated with AP20187

Figure 5. ADAM8, ADAM10, and ADAM17 metalloproteases are not the �-PrPases. A, ADAM8, 10, and 17 mRNA expression in
human monocytic cells U-937 and Fv-PrP-expressing cells were assessed by standard RT-PCR. B, Western blot analysis of PrPN1,
N-cadherin FL, N-cadherin CTF, and actin with anti-HA, anti-cadherin, and anti-actin antibodies. Fv-PrP-expressing cells were
treated with AP20187 (�AP) or vehicle (�AP) in the absence or presence of the general metalloprotease inhibitor marimastat.
PrPN1 was immunoprecipitated from the culture medium. Efficiency of marismastat was confirmed with the proteolysis of the
N-cadherin detected with an anti-N-cadherin targeting the C-terminal domain of the N-cadherin (CTF) from the cell lysate. C,
Pooled siRNAs targeting ADAM10 or ADAM17 or the unrelated lamin A/C and mock treatment were delivered twice to Fv-PrP-
expressing cells before dimerization. Fv-PrPN1 was quantified from the culture medium. ADAM10 and ADAM17 knockdown was
confirmed from the cell lysate with an anti-ADAM10 or anti-ADAM17 antibodies. All Western blots are representative of three
distinct experiments.
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significantly reduced the number of cells positive for TUNEL
staining by 56% (Fig. 6C, inset).

Discussion
�-Cleavage and generation of the GPI-anchored C-terminal
PrPC1 fragment and the secreted N-terminal PrPN1 fragment is
a typical posttranslational modification of PrP C. The impor-
tance of the �-cleavage is illustrated by increasing evidence
that both PrPN1 and PrPC1 represent potential therapeutic
molecules for the treatment of prion diseases (Westergard et
al., 2011; Guillot-Sestier et al., 2012). In this study, we show
that PrP C homodimerization increases its trafficking to the
plasma membrane, and we identify homodimerization as an
important mechanism in the control of PrPC1 and PrPN1
levels.

Although we used an artificial strategy to enforce the
dimerization of PrP C, we believe that our results are highly rele-
vant to in vivo conditions. A growing number of studies have
highlighted the importance of dimerization in the biology of the
prion protein. PrP C forms dimers in bovine and mouse brain
homogenates, and in neuroblastoma cells (Priola et al., 1995;
Meyer et al., 2000; Rambold et al., 2008). The formation of such
dimers is directly linked to the stress-protective activity of PrP C

in cells, and prion-infected cells, which are impaired in PrP C

dimerization, are hypersensitive to stress conditions (Rambold et
al., 2008). In contrast, the dimerization between PrP C and its
pathogenic conformer PrP Sc is a key step in the propagation of
PrP Sc (Prusiner et al., 1990). Thus, PrP C dimerization is an im-
portant mechanism in normal and pathological conditions.

Several studies point to PrP C as a
plasma membrane receptor able to acti-
vate a variety of intracellular signaling
pathways (Linden et al., 2008; Schneider
et al., 2011). In particular, antibody-
mediated dimerization of PrP C at the
plasma membrane induces the cell sur-
vival ERK cascade and the production of
ROS (Schneider et al., 2003; Monnet et al.,
2004; Rambold et al., 2008). AP20187-
mediated PrP C homodimerization also
resulted in the transient activation of
ERK. This activation was much more
robust with antibodies against PrP C, but
it was consistently observed in our ex-
periments. The production of ROS after
AP20187 treatment was also clearly
evident.

In contrast to PrP C dimerization at the
plasma membrane with antibodies, en-
forced dimerization using cell-permeable
AP20187 revealed an unexpected finding,
a dramatic increase in secreted PrPN1.
The large increase in PrPN1 levels on top
of dimerization-induced signaling adds
an additional level to the neuroprotective
activity of PrP C. Thus, we propose that
dimerization-dependent neuroprotective
activity of PrP C occurs as a two-step
mechanism. First, dimerization at the
plasma membrane triggers prosurvival in-
tracellular signaling cascades. Second, in-
tracellular dimerization increases both
neuroprotective PrPN1 and dominant-
negative inhibitor of PrP Sc formation

PrPC1. In addition, since the levels of cell surface PrP C increase
following intracellular dimerization, there is more protein avail-
able at the plasma membrane to interact with a putative neuro-
protective ligand. Overall, homodimerization provides PrP C

with an extremely efficient neuroprotective activity.
PrP Sc binding to plasma membrane PrP C corrupts PrP C pro-

tective activity (Rambold et al., 2008). Binding of other �-sheet-
rich molecules to PrP C at the cell surface, including A� oligomers
also induces PrP C-mediated toxic signaling (Resenberger et al.,
2011). The increase of PrP C at the cell surface following its
dimerization may facilitate the toxic activity of �-sheet-rich oli-
gomers. However, the parallel increase in PrPN1 might prevent
the corruption of PrP C by �-sheet-rich oligomers. This is sup-
ported by the observation that PrPN1 antagonizes �-sheet-rich
oligomers toxic signaling (Guillot-Sestier et al., 2009, 2012; Re-
senberger et al., 2011) (Fig. 6).

Many aspects of the �-cleavage are still elusive, including the
identity of the �-PrPases and the limited sequence specificity.
More evidence is now challenging the implication of ADAM10
and ADAM17 as the principal �-PrPases (Vincent et al., 2001;
Laffont-Proust et al., 2005; Taylor et al., 2009; Altmeppen et al.,
2011). Taylor et al. clearly demonstrated that the �-cleavage of
PrP C was not affected by the absence of both ADAM10 and
ADAM17 in cellulo (Taylor et al., 2009). In addition, ADAM10-
deficient mice have no alteration in levels of PrPC1 (Altmeppen
et al., 2011). Here, we showed that inhibition of ADAM10 and
ADAM17 by the general metalloprotease inhibitor marimastat
and knockdown of both ADAM10 and ADAM17 expression did

Figure 6. Neuroprotection activity of PrPN1. A, Western blot of conditioned medium from CHO-7PA2 cells excreting A� oli-
gomers with monoclonal 6E10 antibodies. B, C, PrP C-expressing cells growing on coverslips were cocultured with A�-secreting
CHO-7PA2 cells in the presence of conditioned medium from AP20187-treated (�PrPN1) or vehicle-treated (�PrPN1) Fv-PrP
cells. PrP C-expressing cells were collected after 48 h of coculture, and apoptotic cell death was quantified by immunofluorescence
against active caspase-3 (B), and TUNEL assays (C) as described in Materials and Methods (*p � 0.05; **p � 0.005). The insets
show the percentage of active caspase-3 (B)- or TUNEL (C)-positive cells in the presence of conditioned medium from AP20187-
treated Fv-PrP cells (�PrPN1), compared with vehicle-treated Fv-PrP cells (�PrPN1). Scale bar, 100 �m. Error bars indicate SEM.
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not affect the release of PrPN1 in the culture medium under
dimerization conditions.

Our observation that dimerization facilitates PrP C traffick-
ing to the plasma membrane is reminiscent of other cell recep-
tors, including G-protein-coupled receptors (GPCRs) (Terrillon
and Bouvier, 2004). For some GPCRs, it is well established that
dimerization leads to adequate folding, which is mandatory to
escape the endoplasmic reticulum and continue the progres-
sion toward the cell surface. Proper folding of PrP C is a major
issue for the biology of this protein in health and diseases, and
the impact of dimerization as a possible avenue to increase the
efficiency of PrP C folding and trafficking deserves further
investigations.
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Büeler H, Aguzzi A, Sailer A, Greiner RA, Autenried P, Aguet M, Weiss-
mann C (1993) Mice devoid of PrP are resistant to scrapie. Cell
73:1339 –1347.

Chen SG, Teplow DB, Parchi P, Teller JK, Gambetti P, Autilio-Gambetti L
(1995) Truncated forms of the human prion protein in normal brain and
in prion diseases. J Biol Chem 270:19173–19180.

Eggert S, Midthune B, Cottrell B, Koo EH (2009) Induced dimerization of
the amyloid precursor protein leads to decreased amyloid-beta protein
production. J Biol Chem 284:28943–28952.

Goggin K, Bissonnette C, Grenier C, Volkov L, Roucou X (2007) Aggrega-
tion of cellular prion protein is initiated by proximity-induced dimeriza-
tion. J Neurochem 102:1195–1205.

Groma G, Grskovic I, Schael S, Ehlen HW, Wagener R, Fosang A, Aszodi A,
Paulsson M, Brachvogel B, Zaucke F (2011) Matrilin-4 is processed by
ADAMTS-5 in late Golgi vesicles present in growth plate chondrocytes of
defined differentiation state. Matrix Biol 30:275–280.

Guillot-Sestier MV, Sunyach C, Druon C, Scarzello S, Checler F (2009) The
alpha-secretase-derived N-terminal product of cellular prion, N1, dis-
plays neuroprotective function in vitro and in vivo. J Biol Chem
284:35973–35986.

Guillot-Sestier MV, Sunyach C, Ferreira ST, Marzolo MP, Bauer C, Thevenet
A, Checler F (2012) Alpha-secretase-derived fragment of cellular prion,
N1, protects against monomeric and oligomeric amyloid beta (abeta)-
associated cell death. J Biol Chem 287:5021–5032.

Horiuchi K, Le Gall S, Schulte M, Yamaguchi T, Reiss K, Murphy G, Toyama
Y, Hartmann D, Saftig P, Blobel CP (2007) Substrate selectivity of epi-
dermal growth factor-receptor ligand sheddases and their regulation by
phorbol esters and calcium influx. Mol Biol Cell 18:176 –188.

Kwak HI, Mendoza EA, Bayless KJ (2009) ADAM17 co-purifies with
TIMP-3 and modulates endothelial invasion responses in three-
dimensional collagen matrices. Matrix Biol 28:470 – 479.
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Terrillon S, Bouvier M (2004) Roles of G-protein-coupled receptor
dimerization. EMBO Rep 5:30 –34.

Vincent B, Paitel E, Saftig P, Frobert Y, Hartmann D, De Strooper B,
Grassi J, Lopez-Perez E, Checler F (2001) The disintegrins ADAM10
and TACE contribute to the constitutive and phorbol ester-regulated
normal cleavage of the cellular prion protein. J Biol Chem 276:
37743–37746.

Walmsley AR, Watt NT, Taylor DR, Perera WS, Hooper NM (2009)
Alpha-cleavage of the prion protein occurs in a late compartment of
the secretory pathway and is independent of lipid rafts. Mol Cell Neu-
rosci 40:242–248.

Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R, Wolfe MS, Rowan
MJ, Selkoe DJ (2002) Naturally secreted oligomers of amyloid beta pro-

tein potently inhibit hippocampal long-term potentiation in vivo. Nature
416:535–539.
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