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(Background: The purinergic receptor P2X7, an ATP-gated cation channel, triggers the proteolytic cleavage of membrane
Results: P2X7R induces ezrin, radixin, and moesin (ERM) phosphorylation, which activates the proteolytic cleavage of the

Conclusion: ERM phosphorylation is required for the P2X7R-dependent release of the neuroprotective fragment of APP.
Significance: ERM can control the non-amyloidogenic processing of APP.

J

The amyloid precursor protein (APP) can be cleaved by a-secreta-
ses in neural cells to produce the soluble APP ectodomain (sSAPPw),
which is neuroprotective. We have shown previously that activation of
the purinergic P2X7 receptor (P2X7R) triggers sSAPPa shedding from
neural cells. Here, we demonstrate that the activation of ezrin, radixin,
and moesin (ERM) proteins is required for the P2X7R-dependent pro-
teolytic processing of APP leading to sAPPa release. Indeed, the
down-regulation of ERM by siRNA blocked the P2X7R-dependent
shedding of sSAPPca. We also show that P2X7R stimulation triggered
the phosphorylation of ERM. Thus, ezrin translocates to the plasma
membrane to interact with P2X7R. Using specific pharmacological
inhibitors, we established the order in which several enzymes trigger
the P2X7R-dependent release of sAPPa. Thus, a Rho kinase and the
MAPK modules ERK1/2 and JNK act upstream of ERM, whereas a
PI3K activity is triggered downstream. For the first time, this work
identifies ERM as major partners in the regulated non-amyloidogenic
processing of APP.

The amyloid precursor protein (APP)® can be processed by
three different proteases, a-, B-, and y-secretases, which are
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able to cleave APP at different sites (1, 2). The amyloid 8 pep-
tides produced by - and y-secretases are present in senile
plaques of patients with Alzheimer disease. In contrast,
a-secretases cleave APP within the amyloid B peptide
sequence, precluding the formation of neurotoxic peptides and
generating the soluble APP ectodomain (sAPP«) endowed with
neuroprotective properties (3). Recently, we have demon-
strated that P2X7 receptor (P2X7R) stimulation triggers the
proteolytic cleavage of APP leading to the shedding of sSAPP«
from various neural cells (4).

The P2X7R belongs to the P2X receptor family of ATP-gated
cation channels. Brief activation of P2X7R with extracellular
ATP inits tetra-anionic form, ATP* ", opens cation-specific ion
channels. Prolonged ligation of P2X7R results in the formation
of non-selective membrane pores permeable to molecules of
molecular mass up to 900 Da. Depending on the cell type,
P2X7R stimulation triggers different pores that allow cationic
and anionic dye uptake in macrophages but only cationic dyes
in HEK293 cells (5). Prolonged ATP ligation of P2X7R can lead
to membrane blebbing (6) and cell death by apoptosis (7) or
lysis/necrosis (8, 9) depending on the cell type. The physiolog-
ical significance of cell death mediated by P2X7R stimulation
remains to be determined. Recent evidence also suggests that
P2X7R may in some conditions trigger growth or promote sur-
vival (10). Indeed, Adinolfi et al. (11) identified a shorter P2X7R
natural splice variant lacking the C-terminal region that can
heterotrimerize with the longer P2X7R isoform. Their results
suggest that if the longer isoform is predominant in the hetero-
trimer P2X7R will stimulate the non-selective pore opening

moesin; ERM, ezrin, radixin, and moesin; EtBr, ethidium bromide; P2X7R,
P2X7 receptor; sAPPq, soluble APP ectodomain; MAP, mitogen-activated
protein; ANOVA, analysis of variance; NHERF, sodium-hydrogen exchanger
regulatory factor; ADAM, a disintegrin and metalloproteinase; Dil, 1,1'-Di-
octadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate.
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leading to cell death. In contrast, if the shorter isoform is in
excess, P2X7R will trigger cell growth (11).

In addition to its role in cell death/proliferation, numerous
physiological functions have been attributed to P2X7R, notably
activation of caspase-1 (12, 13), rapid release of mature IL-13
from macrophages (14, 15), and killing of various intracellular
pathogens in macrophages (16, 17). Moreover, P2X7R activa-
tion triggers the proteolytic cleavage of plasma membrane pro-
teins such as L-selectin, CD23, TNF«a, CD27, matrix metallo-
proteinase-9, and interleukin-6 receptor (18 —22).

P2X7R stimulation leads to rapid plasma membrane bleb-
bing (23). Furthermore, it has been shown that ezrin, radixin,
and moesin (ERM) are involved in cell cortex rigidity that may
control membrane blebbing associated to some cellular pro-
cesses (24). ERM are considered as key cell cortex organizers,
being involved in a variety of major cellular functions like cell
shape regulation, cell adhesion and motility, protein subcellular
localization, intracellular vesicle traffic, and receptor signal
transduction (for reviews, see Refs.25-28). It is currently
accepted that ERM can interact with a wide variety of cellular
components, including adhesion receptors, ion channels, sig-
naling effectors, and vesicle traffic regulators (28 -36). ERM
also ensure the interactions between the cortical actin cytoskel-
eton and microtubule networks (37, 38). ERM proteins link
actin filaments to plasma membrane components directly via
the cytosolic region of membrane receptors or indirectly
through scaffolding proteins bound to transmembrane pro-
teins (26, 39), including substrates for metalloproteases (40).
In the cytosol, ERM proteins exist in a closed conformation due
to intramolecular interactions between the N- and C-terminal
domains masking the membrane and F-actin binding sites (for
reviews, see Refs. 26 and 39). Activation of ERM is triggered by
sequential binding of the N-terminal domain to phosphatidyli-
nositol 4,5-bisphosphate and phosphorylation of a conserved
threonine residue (Thr-567 in ezrin) (41). After unfolding, ERM
bind to the cytoplasmic domain of numerous transmembrane
proteins such as CD44, CD43, L-selectin, and ICAM-2 and link
them to F-actin (40). Thus, we determined whether P2X7R
stimulation triggers ERM activation and to what extent ERM
control P2X7R-mediated cellular functions, including the acti-
vation of some plasma membrane proteases.

In the present studies, we demonstrated that P2X7R activation
leads to ERM phosphorylation and that these proteins are required
for the non-amyloidogenic cleavage of APP. In addition, we found
that P2X7R and ERM interact after P2X7R activation. Therefore,
ERM are key components in the biochemical pathway leading to
sAPPa shedding following P2X7R stimulation.

EXPERIMENTAL PROCEDURES

Animals—Four- to 8-week-old C57BL/6 mice were pur-
chased from Charles River Laboratories. P2X7R-deficient mice,
backcrossed to C57BL/6 mice for seven generations, were from
The Jackson Laboratory (Bar Harbor, ME).

Reagents and Antibodies—DMEM and DMEM/F-12 were
obtained from Invitrogen. ATP and benzoylbenzoyl ATP (Bz-
ATP) were from Sigma-Aldrich. Nerve growth factor (NGF)
was from Alomone Labs (Jerusalem, Israel). U0126, U0124,
SP600125, fasudil, wortmannin, and LY294002 were from Cal-
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biochem. A438079, a selective antagonist of P2X7R, was
obtained from Tocris Bioscience (Bristol, UK).

The following antibodies (Abs) were used for immunofluo-
rescence and Western blotting: unconjugated mouse monoclo-
nal antibody (mAb) anti-human APP clone 22C11 (Chemicon,
Temecula, CA); affinity-purified rabbit anti-P2X7R Abs recog-
nizing residues 576 —595 of P2X7R (Alomone Labs); rabbit anti-
extracellular signal-regulated kinase 1/2 (ERK1/2) (Thr(P)-
202/Tyr(P)-204), anti-c-Jun N-terminal kinase (JNK)/SAPK
(Thr(P)-183/Tyr(P)-185), and rabbit anti-phospho-ERM (Thr-
567/Thr-564/Thr-558) antibodies (Cell Signaling Technology,
Danvers, MA); and rabbit anti-ERK1/2, anti-INK/SAPK, anti-
ezrin, and anti-ERM Abs (Cell Signaling Technology). Affinity-
purified goat anti-rabbit IgG Abs coupled to peroxidase (Rock-
land Immunochemicals, Gilbertsville, PA), goat anti-mouse
IgG Abs coupled to peroxidase, and mouse mAb anti-goat/
sheep IgG conjugated to peroxidase (Sigma-Aldrich) were used
as secondary Abs for Western blot analyses, and goat anti-rab-
bit IgG Abs coupled to Alexa Fluor 488 (Invitrogen) were used
as secondary Abs for immunofluorescence.

Cell Cultures—Neuro2a mouse neuroblastoma cells and
HEK293 cells were maintained in DMEM containing 10% fetal
calf serum (FCS). Because an excellent mAb capable of detect-
ing human APP and its fragments exists, we have previously
transfected Neuro2a cells with a plasmid encoding the
V5-tagged human APP ¢cDNA (4). Stable transfectants were
cloned and used in the present work. Cultures of newborn
astrocytes were prepared from the hemispheres of 1-3-day-old
mice. Cells were grown as described previously (4). SK-N-BE
human neuroblastoma cells were maintained in DMEM/F-12
containing 10% FCS.

Cell Stimulation—Neuro2a cells were cultured for 48 h in
DMEM containing 10% FCS. Medium was then removed, and
cells were incubated for 2 h in DMEM at 37 °C. Subsequently, cells
were stimulated with 1 mm Bz-ATP or 100 ng/ml NGF for 15 min.

Western Blot Analyses—Proteins from cell lysates or cell super-
natants were analyzed as described previously (4). Blots were
immunostained with primary Ab at 4 °C overnight and probed
with secondary Ab conjugated to horseradish peroxidase. Specific
bands were visualized by enhanced chemiluminescence (Perkin-
Elmer Life Sciences). To quantify the extent of phosphorylation of
each kinase, the phosphorylated band density was expressed rela-
tive to the intensity of the total protein band.

RNA Interference and Plasmid Transfections—Neuro2a cells
were stably transfected with the human APP. Small interfering
RNAs (siRNAs) targeting mouse ezrin, radixin, and moesin and
control siRNA were from Dharmacon (Cramlington, UK).
Neuro2a cells were transfected with 1 um siRNA using Cell Line
Nucleofector Kit V (Amaxa, Gaithersburg, MD) as described by
the manufacturer. Inhibition of targeted protein was confirmed by
Western blot 48 h after transfection. To study ezrin translocation
to the plasma membrane, we transfected Neuro2a cells with plas-
mids containing the cDNA encoding 1) the green fluorescent pro-
tein (GFP) pmaxGFP (Lonza), 2) the GFP fused to ezrin, or 3) the
GFP fused to the N-terminal FERM domain of ezrin.

Video Microscopy—Cells were observed using a Leica DM
IRE2 microscope, and images were captured by a charge-cou-
pled device camera (10-MHz Cool SNAPHQ, Roper Instru-
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ments). Metamorph software (Universal Imaging Corp.) was
used to deconvolute Z-series and treat the images.

Immunofluorescence—Neuro2a cells seeded on polylysine-
coated Lab-Tek slides at 2 X 10* cells/well were incubated with
Vybrant Dil cell labeling solution (Molecular Probes) for 15
min and stimulated with 1 mm Bz-ATP for 10 min. Cells were
fixed with 4% paraformaldehyde, nonspecific sites were
blocked using PBS containing 10% BSA, and permeabilization
was carried out using 0.1% saponin. Phospho-ERM were
detected with rabbit anti-phospho-ERM Abs that were applied
for 1 h at room temperature. Cells were then washed three
times with PBS, and secondary Ab was applied for 1 h at room
temperature. Cells were washed, mounted in Vectashield (Vec-
tor Laboratories), and observed with a Zeiss LSM700 micro-
scope (Leica, Wetzlar, Germany).

Duolink® Proximity Ligation in Situ Assay—Cells (4 X 10%)
were grown on chamber slides in the presence or absence of
control siRNA or ERM-specific siRNA. After 48 h, medium was
replaced by DMEM containing 0.1% BSA, and cells were stim-
ulated or not with Bz-ATP. Fixation, permeabilization, and
incubation with antibodies were performed according to the
manufacturer’s instructions for Duolink proximity ligation in
situ assay. The anti-mouse P2X7R rabbit polyclonal Abs were
used in association with anti-ezrin mouse mAb or with anti-
calcineurin mouse mAb (negative control). The anti-ERM rab-
bit polyclonal Abs with anti-ezrin mouse mAb were used as a
positive control. Fluorescent spots were counted, and the aver-
age numbers of spots per cell were calculated using Metamorph
software (Universal Imaging Corp.). In the Duolink proximity
ligation in situ assay, background spots detected with each sin-
gle Ab were deducted from the numbers of spots found with
two Abs specific for different proteins.

Calcium Experiments—Cells were transfected with control
siRNA or ERM-specific siRNAs. After 48 h, cells were loaded
with 2 um Fura-2 AM (Molecular probes) in DMEM supple-
mented with 10% FCS (1 mm Ca?™) for 30 min at 37 °C. Then
cells were washed in modified Krebs-HEPES medium and sus-
pended in this buffer. The modified Krebs-HEPES, pH 7.4 con-
tained 128 mm NaCl, 2.5 mm KCl, 2.7 mm CaCl,, 16 mm glucose,
and 20 mm HEPES. We measured the increase in Ca>* in cells
by dual excitation spectrofluorometric analysis at 340 and 380
nm (ratio of A;,/A5g0). Bz-ATP (300 um) was added after 50s,
and Triton X-100 (0.1%) was added after 200 s.

Non-selective Pore Formation—Cells were transfected with
control siRNA or ERM-specific siRNAs, seeded in a flat bottom
96-well plate, and cultured for 48 h. Cells were incubated in
assay buffer containing 10 pg/ml ethidium bromide (EtBr) in
DMEM containing 0.1% BSA. Bz-ATP (1 mm) was added, and
fluorescence was monitored for 20 min at 37 °C in a spectro-
fluorometer (Wallac 1420) using an excitation wavelength of
485 nm and an emission wavelength of 615 nm.

Statistical Analysis—Data are expressed as means * S.E.
Data were analyzed using Student’s £ test, and p < 0.05 (*) (at
least) was considered statistically significant. When data
involved more than one variable, statistical significance was
estimated with one-way ANOVA followed by Tukey’s test
using GraphPad software.
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RESULTS

P2X7R Specifically Triggers ERM Phosphorylation—It has
been shown previously that P2X7R stimulation induces the for-
mation of blebs that are dependent on RhoA-dependent kinase
activity (23, 42). Moreover, ERM control cell blebbing associ-
ated to some cellular processes (24). Thus, we investigated
whether P2X7R stimulation modulates ERM phosphorylation.
The levels of phospho-ERM proteins were measured in cell
lysates of Neuro2a and Neuro2a-hAPP cells stimulated with 1
mM Bz-ATP, a selective agonist of P2X7R. Interestingly, Bz-
ATP stimulation triggered ERM phosphorylation (Fig. 14). The
ratio of phospho-ERM versus total ezrin was increased 6-fold
when Bz-ATP stimulated cells were compared with unstimu-
lated cells (Fig. 14, histograms). A kinetic study of Bz-ATP-
induced ERM phosphorylation showed that phosphorylation
increased rapidly, reached a maximum at 10-15 min, and
decreased to the basal level at 30 min. These data show that
Bz-ATP stimulation leads to ERM phosphorylation.

To establish that Bz-ATP induces ERM phosphorylation
through P2X7R, we used as a first approach a selective pharma-
cological inhibitor of P2X7R (A438079). As shown in Fig. 14,
Bz-ATP stimulation of Neuro2a cells triggered ERM phosphor-
ylation, whereas preincubation with a 10 um concentration of
the P2X7R inhibitor reduced it to basal levels. Furthermore,
Bz-ATP-dependent ezrin and moesin phosphorylation was
only observed in HEK cells expressing the mouse P2X7R and
not in HEK control cells that did not express P2X7R (Fig. 1B).
Finally, Bz-ATP stimulation induced ezrin and moesin phos-
phorylation in primary astrocytes of wild-type animals but not
in astrocytes of P2X7R knock-out mice (Fig. 1C). In conclusion,
these data demonstrate that Bz-ATP triggers ERM phosphory-
lation via P2X7R.

As human P2X7R has different pharmacological properties
from mouse P2X7R, we determined whether P2X7R activation
of human cells triggers ERM phosphorylation. Thus, we stim-
ulated human neuroblastoma SK-N-BE cells with Bz-ATP. We
found that P2X7R stimulation induces ERM phosphorylation
specifically because it was inhibited by the P2X7R pharmaco-
logical inhibitor (Fig. 1D). Altogether, these results demon-
strate that P2X7R stimulation leads to ERM phosphorylation in
human and murine cells.

Bz-ATP Stimulation Triggers Ezrin Translocation to the
Plasma Membrane—It has previously been established that
ERM proteins undergo a major conformational change after
phosphorylation and translocate to the plasma membrane (25,
26). Thus, we determined the consequences of P2X7R stimula-
tion on the cellular distribution of ezrin. We stimulated
Neuro2a cells expressing ezrin, its N-terminal domain fused to
GEFP, or GFP alone as a control with Bz-ATP. We followed the
fate of GFP proteins by video microscopy. As shown in Fig. 2, 10
min after stimulation with Bz-ATP, ezrin-GFP had translo-
cated to the plasma membrane (compare C and D), whereas
GFP (control) remained cytoplasmic in both cases (Fig. 2, A and
B). As described previously, the N-terminal ezrin-GFP was con-
stitutively localized to the plasma membrane (41) and did not
change with Bz-ATP (Fig. 2, E and F). These results indicate
that P2X7R simulation leads to ezrin phosphorylation and to its
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FIGURE 1. ERM activation is specifically induced by P2X7R stimulation. A, Neuro2a cells were pretreated with or without a pharmacological inhibitor of
P2X7R (A438079) at 37 °Cfor 1 h and stimulated or not with 1 mm Bz-ATP for 10 min. Proteins from whole cell lysates of Neuro2a cells stimulated or not with 1
mMm Bz-ATP were separated by SDS-PAGE. After transfer, the nitrocellulose membrane was probed with anti-phosphospecific ERM Abs (upper panel). The blot
was stripped and probed with anti-ezrin Ab (lower panel). Blots were scanned, and the ratios of phosphorylated ERM (p-ERM) to total ezrin are presented as
histograms. The graph shows the ratios of the phosphorylated ERM versus the total ezrin. Data are from four independent experiments (one-way ANOVA
followed by Tukey's test, F = 35.73). B, HEK cells or mouse P2X7R stable transfectants of HEK cells were treated as in A. Cell lysates were analyzed by Western blot
with anti-phosphospecific ERM (upper blot) or anti-ERM antibodies (lower blot). The graph shows the ratios of the phosphorylated ERM versus the total ERM.
Data are from three independent experiments (one-way ANOVA followed by Tukey’s test, F = 4.18). C, astrocytes from wild-type and P2X7R KO animals were
treated or not with 1 mm Bz-ATP at 37 °C for 10 min. Whole cell lysates were analyzed by Western blot with anti-phosphospecific ERM Abs (upper blot) and by
anti-ERM Abs (lower blot). Blots were scanned, and the ratios of phosphorylated ERM versus the total ERM are shown as histograms. Data are from three
independent experiments (one-way ANOVA followed by Tukey's test, F = 33.95). D, the human neuroblastoma SK-N-BE cells were pretreated with or without
A438079 at 37 °C for 1 h and stimulated with or without 1 mm Bz-ATP for 10 min. Whole cell lysates were prepared and analyzed by Western blot using
anti-phosphospecific ERM (upper blot) or anti-ERM Abs (lower blot). Blots were scanned, and the ratios of phosphorylated ERM versus the total ERM are shown
as histograms. Data are from three independent experiments (one-way ANOVA followed by Tukey's test, F = 23.73;*,p < 0.05; **,p < 0.01; ***, p < 0.001). Error
bars represent S.E.

translocation to the plasma membrane. To determine whether
P2X7R stimulation leads to translocation of phosphorylated
ERM in untransfected cells, we labeled the plasma membrane of
Neuro2a cells with Dil, and then these cells were stimulated or
not with Bz-ATP and fixed with paraformaldehyde. After per-
meabilization, cells were labeled with anti-phospho-ERM Abs
and analyzed. As shown in Fig. 2, phospho-ERM (green label-
ing) was localized at the plasma membrane (labeled in red; H),
whereas no fluorescence was detected in unstimulated
Neuro2a cells (G). These experiments establish that Bz-ATP
stimulation triggers phosphorylation of ERM and their accu-
mulation under the plasma membrane.

P2X7R Associates with Ezrin—We therefore investigated
whether ezrin is capable to associate with P2X7R and whether
this interaction is phosphodependent. Thus, the interaction
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between ezrin and P2X7R was assessed using the Duolink prox-
imity ligation assay. This method relies on the use of two pri-
mary antibodies from two different species reacting with ezrin
or P2X7R. A pair of oligonucleotide-labeled secondary antibod-
ies is used to detect the bound primary antibodies. If the two
different epitopes detected by these antibodies are close
enough, the free oligonucleotide extremities are ligated by a
DNA ligase, and an amplification reaction is triggered. The
amplified products are then visualized with fluorescently
labeled oligonucleotides (43). As shown in Fig. 3, each fluores-
cent spot is produced when the two oligonucleotide-labeled
secondary antibodies are in close vicinity. Thus, the number of
fluorescent spots/cell indicates that the epitopes detected by
the primary antibodies are in close proximity (<25 nm). After
P2X7R stimulation, the number of spots/cell increased 5-fold as
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FIGURE 2. Bz-ATP stimulation induces ezrin translocation to the plasma
membrane. Neuro2a cells were transfected with plasmids expressing GFP (A
and B) or ezrin-GFP (C and D) or N-terminal domain (Nter) of ezrin-GFP (E and
F). Cells were incubated at 37 °C in DMEM and treated with 1 mm Bz-ATP. GFP
distribution was assessed by video microscopy. Pictures were taken before
addition of Bz-ATP (A, C, and E) and 10 min after stimulation (B, D, and F).
Neuro2a-hAPP cells, plated in a polylysine-coated Lab-Tek slide at 2 X 10*
cells/well, were incubated with Dil cell labeling solution for 15 min and stim-
ulated (H) or not (G) with Bz-ATP (1 mm) for 10 min. Fixed and permeabilized
cells were labeled with rabbit anti-phosphospecific ERM Abs and then with
Alexa Fluor 488-conjugated goat anti-rabbit IgG (G and H). Arrows show green
fluorescence corresponding to phosphospecific ERM (pERM). The inset shows
a 2X amplification of the image indicated by the arrow in the right lower
quadrant. The results are representative of four experiments performed on
different days.

compared with resting conditions, indicating that P2X7R and
ezrin interact (Fig. 3, A and B). As expected, no interaction was
detected between P2X7R and calcineurin (Fig. 3, A and B).
Asshown in Fig. 3, Cand D, the inhibition of ERM expression by
ERM-specific siRNAs (Fig. 4A) led to a significant decrease in the
number of spots/cell, which corresponds to the detection of ERM/
ezrin epitopes. Importantly, as shown in Fig. 3, E and F, the number
of fluorescent spots/cell representing P2X7R/ezrin interactions
was reduced to background levels when cells were transfected with
ERM-specific siRNA, whereas it was not with siRNA control.
ERM Are Not Required for P2X7R-dependent Cation Channel
and Non-selective Pore Opening—The activation of P2X7R by
extracellular ATP rapidly induces the opening of the cation
channel and non-selective pore. Because P2X7R stimulation
leads to ERM phosphorylation and increases P2X7R interaction
with phospho-ERM, we determined whether ERM are involved
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in the opening of the cation channel and non-selective pore. As
shown in Fig. 4, Band C, ERM-specific siRNAs did not affect the
formations of cation channel, whereas non-selective pore for-
mation was inhibited mildly (24.2 = 1.6%) even though ERM
expression was strongly inhibited (87 * 4%) (Fig.4, A and E). To
determine whether the mild decrease in non-selective pore for-
mation is due to a diminution of P2X7R in ERM-deficient cells,
we compared the levels of P2X7R in Neuro2a cells transfected
with control or ERM-specific siRNAs. As shown in Fig. 4E, the
amounts of P2X7R were identical in both cell lysates.

ERM Activation Is Required for P2X7R-dependent sAPPa
Shedding—W e have shown previously that the stimulation of
P2X7R triggers the proteolytic cleavage of APP and the release
of sAPPa (4). Because we established that P2X7R activation
leads to ERM phosphorylation in human and mouse tumor cell
lines as well as in primary mouse astrocytes, we determined
whether ERM proteins are involved in P2X7R-dependent
sAPPa release. To this end, we used siRNAs of ezrin, radixin,
and moesin to evaluate their impact on P2X7R-dependent
shedding of sAPPa. First, we transfected Neuro2a cells with
siRNAs to knock down the three proteins. As shown in Fig. 54
(middle panel), ezrin, radixin, and moesin expression was
inhibited by siRNAs efficiently. In addition, Bz-ATP stimula-
tion induced a strong phosphorylation of ERM in cells trans-
fected with siRNA control, whereas very weak phosphorylated
bands appeared in cells transfected with ERM-specific siRNAs
(Fig. 5A, upper blot). We then evaluated the levels of sAPP«
released in the supernatants of cells transfected with siRNAs
and stimulated or not with Bz-ATP. The data clearly show that
the amount of sSAPPa released in the supernatant of cells trans-
fected with ERM siRNAs was reduced (by 71.5 = 5.8%) when
compared with control (Fig. 5B). Thus, when ERM are knocked
down, P2X7R stimulation is unable to trigger APP cleavage.
However, one may argue that the expression level of APP is
decreased when ERM are knocked out. Thus, we compared the
amounts of APP present in Neuro2a cells transfected with con-
trol or ERM-specific siRNAs. Identical amounts of surface APP
were found in lysates of Neuro2a cells transfected with both
siRNAs (data not shown). Because plasma membrane APP rep-
resents only 10% of total APP (44), a decrease in cell surface
APP might have escaped detection. Thus, we isolated biotiny-
lated cell surface proteins by affinity chromatography with neu-
travidin beads and compared the amount of membrane APP
expressed by Neuro2a cells transfected with siRNAs by West-
ern blot. Our results clearly show that the levels of plasma
membrane APP were identical in both cell samples, ruling out
that a lack of ERM decreases APP expression and/or localiza-
tion at the plasma membrane (Fig. 4E and data not shown).

The role of each ERM protein in the P2X7R-dependent
cleavage of APP was determined using an siRNA specific for
each. As observed in Fig. 5, C, E, and G, transfection with siRNA
specific for ezrin, radixin, or moesin led to a strong and specific
inhibition of the phosphorylated form of each protein. When
ezrin and moesin were invalidated, sAPPa shedding was
strongly inhibited (for ezrin, 69.7 * 7.3%; for moesin, 77 =
1.5%) after P2X7R activation (Fig. 5, D and H). In contrast,
although there was an increased phosphorylation of radixin
upon stimulation, a much weaker decrease in sAPP« release
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test; **, p < 0.01; F, one-way ANOVA followed by Tukey’s test, F = 10.44; *, p < 0.05; ***, p < 0.001. Error bars represent S.E.

was observed (36.3 = 1.9%) when radixin expression was inhib-
ited (Fig. 5F). These experiments clearly show that ERM activa-
tion is required for the triggering of the proteolytic pathway
leading to sAPPa shedding.

ERM Activation Is Not Always Associated with the Induction
of SAPPa Shedding —To determine whether any stimulus lead-
ing to ERM phosphorylation triggers sAPPa release, we stimu-
lated Neuro2a-hAPP cells with NGF. It is well established that
NGF stimulates Neuro2a cells (45) and induces a rapid phos-
phorylation of ERM (46, 47). Thus, we treated Neuro2a cells
with NGF and quantified the ratio of phospho-ERM/ERK (Fig.
6B) as well as the percentage of sSAPP« released in the superna-
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tants (Fig. 6C). The results clearly show that both NGF and
Bz-ATP triggered ERM phosphorylation, but Bz-ATP stimula-
tion only led to sAPP« shedding.

Biochemical Pathways Involved in the P2X7R-dependent Pro-
teolytic Processing of APP—It has been established that P2X7R
stimulation triggers Rho kinases (23). Thus, we determined
whether fasudil, a pharmacological inhibitor of Rho kinase,
blocks ERM phosphorylation and sAPP« shedding induced by
P2X7R stimulation. As shown in Fig. 7, fasudil efficiently inhib-
ited P2X7R-dependent ERM phosphorylation (Fig. 7B) and
reduced the shedding of sAPPa to 58.8 = 1.8% (Fig. 7A).
Recently, we have demonstrated that the MAPK modules are
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Neuro2a cells transfected with control or ERM-specific siRNAs. Neuro2a cells were transfected with 3 um control or ERM-specific siRNAs. After 48 h, cells were
lysed, and proteins from cell lysates were analyzed in duplicate by Western blot with anti-APP, anti-P2X7R, anti-ERM, and anti-JNK Abs. The amounts of each
protein were quantified. A comparison of the ratios of the protein levels versus JNK in lysates of cells transfected with control or ERM-specific siRNAs is shown
in the right panel. A significant statistical difference was observed for ERM only (Student’s t test; ***, p < 0.001). Error bars represent S.E.

activated after P2X7R stimulation (4). Moreover, the inhibition
of the MAP kinases ERK1/2 and JNK but not p38 blocks
P2X7R-dependent sAPPa shedding (4). To determine whether
these MAPK modules are involved in ERM activation, we
assessed the effect of specific pharmacological inhibitors of
ERK and JNK on P2X7R-induced ERM activation in Neuro2a
cells. We found that both inhibitors blocked ERM phosphory-
lation (Fig. 7C). These experiments demonstrate that the MAP
kinases ERK1/2 and JNK are involved in ERM activation. Fur-
thermore, using ERM-specific siRNA, we showed that the inhi-
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bition of ERM expression did not block MAP kinase ERK1/2
and JNK phosphorylation (Fig. 7D). Altogether, these experi-
ments demonstrate that these Ser/Thr kinases are activated
upstream of ERM proteins.

It has been shown previously that P2X7R stimulation of rat
astrocytes and mouse thymocytes leads to phosphoinositide
3-kinase (PI3K) activation (8, 48). Furthermore, ezrin has been
shown to interact with p85, the regulatory subunit of PI3K (29).
Thus, we determined whether PI3K is involved in APP process-
ing and ERM activation. LY294002 (10 um) and wortmannin
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FIGURE 5. ERM are involved in P2X7R-dependent sAPP« shedding. A,
Neuro2a cells were transfected with 3 um control or ERM siRNAs. After 48 h,
cells were stimulated or not with T mm Bz-ATP for 10 min. Proteins from cell
lysates were analyzed by Western blot with anti-phosphospecific ERM (A,
upper blot) or anti-ERM Abs (A, middle blot). After stripping, blots were probed
with anti-B-tubulin mAb to show equal loading (A, lower blot). B, the super-
natants of Neuro2a cells were analyzed for sAPPa shedding by Western blot.
The amount of sSAPP« released was quantified by densitometric analysis. The
amount of sAPPa shed by Neuro2a cells stimulated with Bz-ATP minus the
amount of spontaneous sAPPa release corresponds to the maximal amount
of sAPPa shed. After siRNA knock-out of ERM, the percentage of sAPP«a
released corresponds to the quantity of SAPPa shed by stimulated cells minus
the amount of spontaneous sAPP« released divided by the maximal amount
of sAPPa shed in control conditions. Data are from five independent experi-
ments (Student’s t test; ***, p < 0.001). C, E, and G, Neuro2a cells were trans-
fected by control or ezrin- (C), radixin- (E), or moesin (G)-specific siRNAs. After
48 h, the cells were stimulated or not with 1 mm Bz-ATP. The proteins from cell
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H, the supernatants from Neuro2a cells described in C, E, and G were analyzed
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FIGURE 6. NGF stimulation induces ERM phosphorylation but not sAPP«
release. A, Neuro2a cells were stimulated or not with 100 ng/mI NGF or 1 mm
Bz-ATP for 15 min. Proteins from whole cell lysates of Neuro2a cells were
separated by SDS-PAGE. After transfer, the nitrocellulose membrane was
probed with anti-phosphospecific ERM Abs (upper panel). The blot was
stripped and probed with anti-ERK Abs (middle panel). The supernatants of
Neuro2a cells were analyzed for sAPPa shedding by Western blot (lower
panel). B, blots were scanned, and the ratios of phosphorylated ERM by ERK
are presented as histograms. The graph shows the ratios of the phosphory-
lated ERM (pERM) versus ERK. Data are from four independent experiments
(Student’s t test; *, p < 0.05). C, the amount of sAPPa released was quantified
by densitometric analysis. The percentage of sAPP« shed by Neuro2a cells
stimulated or not with NGF or Bz-ATP corresponds to the quantity of SAPPa
shed divided by the amount of SAPP« released by Bz-ATP-stimulated cells X
100. Data are from three independent experiments (Student’s t test; **, p <
0.01). Error bars represent S.E.

(50 um), two pharmacological inhibitors of PI3K, strongly
decreased sAPP shedding but did not block ERM phosphory-
lation on threonine (Fig. 7, E and F). Thus, PI3K is involved in
the proteolytic cleavage of APP but acts downstream of ERM
activation.

DISCUSSION

In this report, we demonstrate for the first time that ERM
protein phosphorylation at Thr-567 and translocation to the
membrane is required for the P2X7R-dependent proteolytic
processing of APP leading to the shedding of sAPP«. Indeed, we
have established that P2X7R stimulation triggers the phosphor-

by Western blot to detect the amount of SAPP« released. After siRNA knock-
out of each protein, the percentage of sAPPa released, which corresponds to
the quantity of SAPP« shed by stimulated cells minus the amount of sponta-
neous sAPPa divided by the maximal amount of sAPPa shed in control con-
ditions, was calculated. Data are from at least three independent experiments
(Student’s t test; ***, p < 0.001). Error bars represent S.E.
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FIGURE 7. P2X7R-dependent biochemical pathways involved in ERM activation. A and B, Neuro2a cells were pretreated with or without 500 nm
fasudil, a pharmacological inhibitor of Rho kinases, at 37 °Cfor 1 h and stimulated with T mm Bz-ATP for 10 min. A, the supernatants of Neuro2a cells were
analyzed for sAPP« shedding by Western blot. Histograms correspond to densitometric analyses of SAPP« release as described under “Experimental
Procedures.” Values are the means = S.E. of three independent experiments (Student’s t test; ***, p < 0.001). B, cell lysates were analyzed by Western blot
with anti-phosphospecific ERM Abs, and then the membrane was stripped and probed with anti-ERM Abs. Blots were scanned, and the ratios of
phospho-ERM (p-ERM) versus total ERM are presented as histograms. Data are from at least three independent experiments (one-way ANOVA followed
by Tukey's test, F = 10.70; *, p < 0.05; **, p < 0.01). C, Neuro2a cells were pretreated or not with 20 um SP600125, an inhibitor of the MAP kinase JNK; with
U0126, an inhibitor of MEK1/2; or with U0124, a negative control for U0126, at 37 °C for 1 h and stimulated with or without 1 mm Bz-ATP for 10 min.
Lysates of Neuro2a cells were analyzed by Western blot to detect phospho-ERM (upper panels). After stripping, the blots were probed with anti-ERM Abs
to show equal loading (bottom panels). Histograms represent the amount of phosphorylated ERM versus total ERM quantified by densitometric analysis.
Data are from at least three independent experiments (one-way ANOVA followed by Tukey’s test; for U0126, F = 12.44; for SP600125, F = 9.13). D,
Neuro2a cells were transfected with control or ERM-specific siRNAs. After 48 h, cells were stimulated or not with 1 mm Bz-ATP for 10 min. Cell lysates were
analyzed by Western blot with anti-phospho-ERK1/2 (Thr(P)-202/Tyr(P)-204) Abs (D, upper blot) or with anti-phospho-JNK1/2 (Thr(P)-183/Tyr(P)-185)
Abs (D, middle blot). After stripping, the blot was probed with anti-total JNK1/2 Abs (F, lower blot). One representative experiment of at least three is
presented. £, Neuro2a cells were preincubated at 37 °C with or without 50 um wortmannin or 10 um LY294002 for 1 h. Cells were stimulated with 1 mm
Bz-ATP at 37 °C for 10 min. Supernatants were analyzed by Western blot to quantify sAPP«. Histograms show the percentages of maximal sAPP release.
Data are from three independent experiments (Student'’s t test; ***, p < 0.001). In F, cell lysates were analyzed to detect phosphorylated ERM (upper
panel) and total ERM (lower panel). The graph shows the ratios of the phosphorylated ERM versus the total ERM. Data are from three independent
experiments (one-way ANOVA followed by Tukey’s test, F = 23.53). Error bars represent S.E.
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ylation of ERM, which translocate to the plasma membrane
where they associate with P2X7R. We have shown that the
down-regulation of ERM by siRNA blocks the P2X7R-depen-
dent shedding of sAPPa. In addition, using pharmacological
inhibitors, we have been able to determine that a Rho kinase
and the MAPK modules ERK1/2 and JNK are upstream of ERM
proteins, whereas PI3K activity is downstream. Several groups
have shown that P2X7R stimulation induces the formation of
blebs that are dependent on RhoA-dependent kinase activity
(23,42). Because bleb formation involves ERM proteins (49), we
investigated whether P2X7R stimulation induces ERM phos-
phorylation and determined the consequences of ERM activa-
tion. We found that P2X7R stimulation triggered the phosphor-
ylation of a C-terminal threonine in ERM proteins and the
shedding of sAPPa. Several candidate ERM kinases have been
proposed among which PKC-6 (50), Rho kinase (51), Slik (37),
and more recently lymphocyte-oriented kinase in lymphocytes
(52). In our studies, we found that the Rho kinase inhibitor
fasudil (Fig. 7, A and B) inhibited ERM phosphorylation and the
release of sAPPa following P2X7R stimulation. These results
are in agreement with two reports that indicate that P2X7R
triggers Rho-A and Rho-A kinase activity in HEK-P2X7R cells,
macrophages, and microglial cells (42, 53).

Because ERM phosphorylation is required for the shedding
of sAPP«, one can hypothesize that any stimulus triggering
ERM phosphorylation should lead to the proteolytic processing
of APP and sAPP« release. Thus, we stimulated Neuro2a cells
with NGF and showed that this stimulus induced ERM activation
without sAPP« production. These results suggest that following
ERM phosphorylation the biochemical pathways diverge. Indeed,
in most cellular models, P2X7R stimulation leads to cell death,
whereas NGF triggers cell growth and survival.

Crystallographic studies have shown that ERM are com-
posed of an N-terminal FERM domain, an a-helical domain,
and a C-terminal region that binds F-actin (54). The FERM
domain directly interacts with phosphatidylinositol 4,5-bispho-
sphate and the cytoplasmic regions of transmembrane glycopro-
teins such as CD43; CD44; ICAM1, -2, and -3; and the neutral
endopeptidase 24.11 (55-60). In addition, the FERM domain
binds to the adaptor proteins sodium-hydrogen exchanger regu-
latory factors NHERF-1 and NHERF-2, also called ERM-binding
phosphoprotein of 50 kDa (for a review, see Ref.61). These adaptor
proteins interact by their C-terminal domain with ERM and by
their PDZ1 domain with C-terminal motifs of several G-protein-
coupled receptors and receptor tyrosine kinases (61). Thus,
NHEREF proteins play a major role in controlling the trafficking
and turnover of several membrane receptors and in recruiting
enzymes implicated in signal transduction (61, 62).

We have established that P2X7R associates with ERM pro-
teins. A direct interaction of P2X7R with ERM is likely accord-
ing to our proximity ligation assay, but we cannot rule out that
an undefined motif allows the binding to an adaptor protein.
Two proteomics studies have identified several proteins asso-
ciated to P2X7R in P2X7 transfected HEK293 cells (63, 64) and
in interferon +y-differentiated human monocytic leukemic
THP-1 cells (64). In these studies, ERM were not found among
the proteins co-purifying with P2X7R probably because both
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proteomics analyzes were performed on resting cells and ERM
become linked to P2X7R only after stimulation of the receptor.

Our studies have also shown that ERM are not involved in the
early biochemical steps of P2X7R activation because cation
channel opening was not affected by ERM knockdown, whereas
non-selective pore formation was moderately inhibited. In
addition, this decrease in pore formation cannot be attributed
to a down-modulation of P2X7R because the amounts of
P2X7R found in lysates of Neuro2a cells transfected with con-
trol siRNA or ERM siRNA were undistinguishable (Fig. 4E).
Recently, Gu et al. (64) have shown that P2X7R is associated
with non-muscle myosin I and that ATP triggers the dissocia-
tion of P2X7R from myosin II. In addition, decreased expres-
sion of myosin II by specific sShtRNA enhances the non-selective
pore formation following P2X7R stimulation. Thus, proteins
transiently associated with P2X7R can regulate the non-selec-
tive pore formation. Indeed, P2X7R dissociation from non-
muscle myosin is required for pore opening, whereas binding of
P2X7R to ERM may potentiate this phenomenon.

Activated ERM undergo additional phosphorylation on Tyr-
353, which binds PI3K (29). This induces the phosphorylation
of Akt/PKB, which phosphorylates several substrates involved
in survival pathways. The activation of P2X7R stimulated PI3K
activity that was located downstream of ERM (Fig. 7F). How-
ever, this activity did not trigger the phosphorylation of Akt/
PKB in Bz-ATP-treated Neuro2a cells (data not shown), a result
in agreement with our previous work on P2X7R-mediated thy-
mocyte death in which PI3K activity does not trigger the pro-
survival Akt/PKB pathway (8). Our present data strongly sug-
gest that PI3K participates in the biochemical pathway leading
to sAPPa release because wortmannin, a broad spectrum inhib-
itor of phosphatidylinositol kinases, and a specific PI3K inhib-
itor prevented the P2X7-dependent processing of APP (Fig.
7E). Pretreatment of Neuro2a cells with the PI3K inhibitors did
not block ERM phosphorylation on threonine (Fig. 7F), indicat-
ing that P2X7R signaling in Neuro2a cells leads to ERM phos-
phorylation via activation of Rho kinase and MAP kinases,
whereas PI3K is downstream of ERM. The involvement of PI3K
in the shedding of sSAPPa was also found when human neuro-
blastoma SH-SY5Y cells were stimulated with insulin-like
growth factor-1 (65, 66). In this model, PI3K activity increased
the level of ADAMI10, which is involved in the non-amyloido-
genic processing of APP (66). However, we have shown previ-
ously that the simultaneous silencing of ADAMY, -10, and -17
does not block the P2X7R-mediated proteolytic processing of
APP, indicating that an unidentified a-secretase is also trig-
gered by PI3K (4).

Our previous studies have shown that P2X7R stimulation
induces a rapid activation of three MAP kinase modules,
ERK1/2, JNK, and p38 (4). Importantly, using several pharma-
cological inhibitors, we have found that inhibition of MAP
kinase ERK1/2 and JNK phosphorylation leads to a profound
decrease in sAPPa release (4). In the present work, we have
established a role, upstream of the ERM proteins, for the MAP
kinase ERK1/2 and JNK modules in P2X7R-induced sAPP«
shedding because pharmacological inhibition of MAP kinases
blocked ERM phosphorylation (Fig. 7C), whereas ERM-specific
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FIGURE 8. Schematic representation of the biochemical pathways involved in P2X7R-dependent proteolytic cleavage of APP. P2X7R stimulation by
Bz-ATP triggers Ca®" influx and activates the Rho kinase and the MAP kinases ERK1/2 and JNK. These Ser/Thr kinases directly or indirectly phosphorylate the
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siRNAs did not abolish MAP kinase activation following P2X7R
stimulation (Fig. 7D).

It is well established that the well known a-secretases
ADAMY, -10, and -17 are able to cleave membrane APP to
generate the non-amyloidogenic soluble fragment. Kommadi ez
al. (67) have demonstrated that phosphorylation at Thr-735 of
ADAM17 is required for p75 neurotrophin receptor cleavage
because ADAM17-deficient cells were reconstituted with wild-
type ADAM17 but not with ADAM17 T735A mutant protease.
In contrast, Le Gall et al. (68) have shown recently that the cyto-
plasmic domain of ADAM17 containing Thr-735 is not required
for its activation by several physiological ligands. In addition,
although there are Thr and Ser residues, which are potential phos-
phorylation sites, in the cytoplasmic tails of various ADAMs, to the
best of our knowledge up to now, there is no indication that phos-
phorylation is required for ADAM activation other than
ADAM17. In our previous work, we have demonstrated that the
P2X7R-mediated sAPPa shedding is due to an unidentified
TAPI2-GM6001-sensitive metalloprotease (4). At the present
time, it is impossible to predict whether phosphorylation of this
a-secretase is involved in its activation or trafficking.

APP can be phosphorylated at Thr-668 in its cytoplasmic
region by several kinases such as cyclin-dependent kinase-5,
glycogen synthase kinase-38, and the MAP kinase JNK (69).
The physiological role of APP phosphorylation at Thr-668 is
controversial. Two studies have suggested it triggered -secre-
tase processing leading to amyloid B production (70, 71),
whereas Feyt et al. (72) have found that phosphorylation of APP
decreases <y-secretase processing and amyloid 3 production.
Presently, data from the scientific literature suggest that the
main consequences of Thr-668 phosphorylation come from a
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conformational modification that affects APP interactions with
adaptor and scaffolding proteins such as Fe65, X11, and JNK-
interacting protein 1b (for reviews, see Refs. 69 and 73). In our
experimental model, JNK activity is required for ERM activa-
tion because pharmacological inhibition of JNK blocked ERM
phosphorylation and sAPP shedding (Fig. 7C). Thus, in the
P2X7R pathway, JNK probably phosphorylates ERM directly or
via an undefined kinase, although we cannot rule out that JNK
phosphorylates APP as well. ERK1/2 are also needed for ERM
activation, so both ERK1/2 and JNK may phosphorylate con-
comitantly an unidentified kinase specific for the ERM. Alter-
natively, the two MAP kinases could act sequentially, one of
them activating the ERM.

The present study establishes that ERM phosphorylation is
required for the P2X7R-dependent non-amyloidogenic process-
ing of APP. Furthermore, using siRNA and pharmacological
inhibitors, we have identified the biochemical pathways leading to
sAPPa shedding. We have shown that RhoA kinase and the MAP
kinases ERK1/2 and JNK are upstream of ERM, whereas PI3K is
located downstream (Fig. 8). Thus, complex interactions between
transmembrane receptors, ERM, and F-actin may trigger the acti-
vation and the possible relocalization of a-secretases as has been
observed with G-protein-coupled receptors (74, 75). We hypoth-
esize that ERM are key components in the non-amyloidogenic
pathway because they drive the clustering of transmembrane
a-secretases with their substrates such as APP.
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