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ARTICLE INFO ABSTRACT

Keywords: The diffusion-limited reaction of nitric oxide (NO) and superoxide (O2~) produces peroxynitrite (ONOO™), a

Peroxynitrite biological oxidant that has been implicated in a number of pathological conditions, including neurodegenerative

Nitrotyrosine disorders. We previously reported that incubation of PC12 cells with peroxynitrite triggers apoptosis by simul-

I};I;)( 30receptor taneously inhibiting the PI3K/Akt survival pathway, and activating the p38 and JNK MAP kinase pathways. We

Apoptosis also reported that peroxynitrite-treated Heat Shock Protein 90 (Hsp90) stimulates PC12 cell death. Here, we
show that nitrated Hsp90 mediates peroxynitrite-induced apoptosis by regulating specific signaling pathways
triggered by activation of the purine receptor P2X7 (P2X7R) and downstream activation of PTEN. Intracellular
delivery of peroxynitrite-treated Hsp90 was sufficient to stimulate PC12 cell death. In contrast, intracellular
delivery of peroxynitrite-treated Hsp90 in which the five tyrosine (Tyr) residues susceptible to nitration were
replaced by nitration-resistant phenylalanine had no effect on PC12 cell survival. Further, only nitration of
Hsp90 at Tyr 56 was necessary and sufficient to stimulate PC12 cell apoptosis, and incubation of PC12 cells with
peroxynitrite resulted in Hsp90 nitration at Tyr 56. Inhibition of P2X7R or downstream inhibition of PTEN
prevented PC12 cell death stimulated by both incubation with peroxynitrite and nitrated Hsp90 (Hsp90™Y).
Peroxynitrite, Hsp90"Y, and P2X7R activation all increased p38 and JNK MAP kinases activity, while inhibiting
the Akt survival pathway. These results suggest that, in undifferentiated PC12 cells, peroxynitrite triggers
apoptosis via nitration of Hsp90 at Tyr 56, which in turn activates P2X7R and PTEN. These results contrast with
observations in motor neurons where the nitration of either Tyr 33 or Tyr 56 in Hsp90 stimulates apoptosis,
suggesting that the targets of peroxynitrite may be different in different cell types. However, uncovering the
pathways through which peroxynitrite triggers cell death in neurodegenerative conditions will provide new
potential targets for therapeutic treatment.

conditions affecting the central nervous system, including Parkinson’s

1. Introduction disease, Alzheimer’s disease, amyotrophic lateral sclerosis, stroke,

multiple sclerosis, and spinal cord injury [1,4-7]. Peroxynitrite can

Under inflammatory and pathological conditions, the production of directly or indirectly oxidize biomolecules such as lipids and proteins,
nitric oxide and superoxide increases, resulting in the formation of which in turn are responsible for the toxicity of the oxidant [4,8-12].

peroxynitrite by a diffusion-limited reaction [1-3]. Peroxynitrite has Peroxynitrite induces cell death through a variety of mechanisms,

been implicated in the induction of neuronal death in a number of including apoptosis and necrosis in a concentration-dependent manner
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Abbreviations

BBG Brilliant Blue G

BzATP  3'-O-(4-Benzoyl)benzoyladenosine 5'-triphosphate
FGF Fibroblast Growth Factor
Hsp90  Heat Shock Protein 90

Hsp90™Y Nitrated Hsp90

JNK c-Jun N-terminal Kinase

MLK Mixed Linage Kinase

NGF Nerve Growth Factor

NitroTyr Nitrotyrosine

ONOO™ Peroxynitrite

P2X7R  P2X7 Receptor

PI3K Phosphatidylinositol 3 kinase
PTEN Phosphate and Tensin Homolog

[11,13-16]. Incubation of the pheochromocytoma-derived PC12 cell
line with peroxynitrite, or stimulation of endogenous peroxynitrite
generation triggers apoptosis [13,17,18]. Peroxynitrite-dependent in-
duction of apoptosis requires the simultaneous inhibition and activation
of intracellular signaling pathways [13,19-21]. Intriguingly, treatment
with nerve growth factor (NGF) prior to peroxynitrite incubation pro-
vides protection against apoptosis in these cells by upregulating phos-
phatidylinositol 3 kinase (PI3K) activity [19]. In contrast, incubation
with fibroblast growth factor (FGF) before peroxynitrite treatment, or
NGF after peroxynitrite treatment enhances the toxicity of the oxidant
[13,20], suggesting that peroxynitrite act on a number of signaling
pathways that are differentially regulated by growth factors. We previ-
ously reported that peroxynitrite-induced apoptosis in PC12 cells is
regulated by the simultaneous but independent inhibition of the
PI3K/Akt survival pathway, and the activation of p38 and JNK MAP
kinases [21]. Taken together, these studies suggest that
peroxynitrite-mediated apoptosis is triggered by the activation of spe-
cific oxidative signaling pathways, rather than due to broad oxidative
damage. However, the identity of the oxidative modification and the
molecular targets that mediate peroxynitrite effects on signaling path-
ways are not fully understood.

Among peroxynitrite oxidative protein modifications, nitrotyrosine
is one of the most widely used biomarkers of oxidative stress [8,22-24].
However, tyrosine (Tyr) nitration may be more than a simple byproduct
of peroxynitrite production, it may have actual pathological conse-
quences. Prevention of Tyr nitration is sufficient to protect PC12 cells
and motor neurons from peroxynitrite-induced apoptosis, suggesting
that nitration of one or more proteins plays a key role in the regulation of
the signaling pathways triggering apoptosis [13,25]. One such target is
the molecular chaperone heat shock protein 90 (Hsp90). Site-specific
Tyr nitration of Hsp90 results in a toxic gain-of-function that stimu-
lates motor neuron and PC12 cell death [26]. Hsp90 is a molecular
chaperone responsible for the stabilization, activation, and inactivation
of over 300 client proteins involved in all aspects of cellular metabolism,
including the regulation of cell survival and death [27-31].
Peroxynitrite-mediated nitration of Hsp90 at Tyr 33 and/or Tyr 56 in
motor neurons turns the chaperone into a mediator of cell death through
the activation of the purine receptor P2X7 (P2X7R) and the Fas death
pathway [26].

Collectively, these results suggest that nitration of specific tyrosine
residues in Hsp90 plays a key role in peroxynitrite-induced apoptosis.
Here, we investigated the hypothesis that nitration of Hsp90 mediates
peroxynitrite-induced apoptosis, which requires the activation of the
P2X7 receptor. To this end, we investigated whether peroxynitrite and
intracellularly released site-specific nitrated Hsp90 activated the same
signaling pathways to induce PC12 cell apoptosis.
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2. Materials and Methods
2.1. Synthesis of peroxynitrite

Peroxynitrite was synthesized by the rapid addition of acidified
hydrogen peroxide to sodium nitrate. The reaction was quenched with
sodium hydroxide, and manganese dioxide was used to remove residual
hydrogen peroxide, as previously described [32]. Peroxynitrite con-
centration was determined immediately prior to each experiment by
spectrophotometry (€302 = 1800 M lem™b).

2.2. PC12 cell culture and peroxynitrite treatment

PC12 cells were cultured on collagen-coated dishes in RPMI medium
(Gibco/Invitrogen), supplemented with 10% horse serum, 5% Fetal-
Clone II (Hyclone), and 1% Pen-Strep by volume at 37 °C and 5% CO3 in
a humidified atmosphere for 24 h prior to incubation with peroxynitrite.
Cells were rinsed with warm PBS containing Ca®*- and Mg**prior to
incubation with 0.5 mM peroxynitrite for 3 min in 50 mM phosphate
buffer saline, as previously described [13,21]. After treatment, the
buffer was removed and replaced with complete RPMI medium.
Decomposed peroxynitrite (ROA) was prepared by diluting peroxyni-
trite in 50 mM phosphate buffer saline for 24 h at room temperature
before addition to the cells [13,21]. Viability was assessed 24 h after
incubation with peroxynitrite by incubating the cells in phenol red-free
RPMI medium (Gibco/Invitrogen) with a mixture of fluorescein diac-
etate (FDA; 15 pg/mL) and propidium iodide (PI; 5 pg/mL) for 15 min at
37 °C and 5% CO> in a humidified atmosphere. Fluorescent images were
captured with the RUNNER (Trophos, Marseilles, France). Cell counts
were performed with the Metamorph software. Viability was calculated
as the fraction of cells positive for FDA relative to the total number of
cells (FDA + PI) in each well.

2.3. Production and purification of Hsp90 using gene code expansion

Human recombinant unmodified Hsp90, and nitroTyr-specific Hsp90
were produced using genetic code expansion and expressed in bacterial
cultures by induction with r-arabinose for 2 h at 37 °C as previously
described [26,33,34]. All recombinant proteins were purified using the
Ni-NTA purification system (Invitrogen/Life Technologies) according to
the manufacturer’s instructions.

2.4. Peroxynitrite treatment of recombinant Hsp90

A freshly prepared dilution of peroxynitrite was quickly added to 30
pL of 1 mg/mL Hsp90 in PBS while gently vortexing to reach a final
concentration of 0.5 mM peroxynitrite.

2.5. Intracellular delivery of proteins and viability determination

Intracellular delivery of recombinant unmodified Hsp90, Hsp90 with
nitroTyr at position 33 (Hsp90NY33) or 56 (Hsp9ONY56), or peroxynitrite-
treated Hsp90, was accomplished by incubating 10 pg of protein with 4
pL of Chariot (Active Motif) permeating agent in 100 pL of H,O and 100
L of PBS for 30 min at room temperature, as previously described [26,
35]. Two hundred pL of the chariot-protein mixture was added to 1 x
10° PC12 cells, mixed gently in 400 uL RPMI, and incubated at 37 °C and
5% CO3 for 1 h. An additional 1.5 mL of complete RPMI medium sup-
plemented with 10% horse serum and 5% FetalClone II was added to the
mixture before incubating for an additional hour. Cells were plated in
the appropriate dishes in complete RPMI medium. Viability was deter-
mined using either fluorescein diacetate (FDA)/propidium iodide (Mo-
lecular Probes) as described above and confirmed using either CyQuant
Direct Proliferation Assay (Life Technologies), or the Live/Death™
Viability/Cytotoxicity Kit (LifeTechnologies) according to manufac-
turers’ instructions. No differences were found between the assays, and
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Fig. 1. Nitration of Hsp90 at Y56 precedes peroxynitrite triggered-PC12 cell death. PC12 cells were incubated with 0.5 mM peroxynitrite (ONOO"), or the
products of peroxynitrite decomposition (ROA), as described in Materials and Methods. A) Representative infrared western blot showing nitroTyr staining (green)
after treatment of PC12 cells with peroxynitrite. Tubulin (Tub) infrared signal was used as a loading control (red). B) Representative infrared western blot showing
nitration of Hsp90 at Y56 (Hsp90™NY°® in red, upper panel). In green, infrared signal for total Hsp90 (middle panel), Tubulin in red (lower panel). STD: Peroxynitrite-
treated recombinant human Hsp90; MW: molecular weight marker. G) Representative image of PC12 cells 6 h post ROA or ONOO™ treatment stained for Hsp90NY>®
(green) and nuclei (DAPI, blue). D) Representative infrared western blot stained for Hsp90 specifically nitrated at Tyr 33 (HspQONY33 in red), tubulin (red), and for
total Hsp90 (green). E) Viability of PC12 cells incubated in the absence (control) or presence of ONOO~, or ROA. F) Representative images of live (green) and death
(red) PC12 cells 24 h post-treatment with ONOO ™~ or ROA. G-H) PC12 cell viability was measured 24 h after the intracellular delivery of Hsp90 or Hsp90 in which all
5 residues prone to nitration were replaced by phenylalanine (Hsp90°") (G), or Hsp90 with nitroY at either position 33 (Hsp90>*NY) or 56 (Hsp90°*NY), or Hsp90 with
Y56 and phenylalanine in the other 4 residues prone to nitration (Hsp9O4F56Y) (H), treated or not with ONOO™, and in the absence (Control) or presence of the
permeant agent Chariot. In all cases, the values represent the mean + SD (n = 3-5 with 3-8 replicates). *p < 0.01 vs control by Kruskal-Wallis test followed by Dunn’s
multiple comparison test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the viability reported is the combination of the results obtained with the

2.6. Infrared western blot analysis
different assays.

Cells were rinsed with cold PBS and harvested on RIPA buffer sup-
plemented with protease inhibitor cocktail (1:100 dilution, Sigma
Aldrich), and 1 pg/mL PMSF (Sigma Aldrich). Samples were separated
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by PAGE, proteins transferred to a low-fluorescence background PVDF
membrane, and blots visualized and quantified using Odyssey System
(Li-Cor Biosciences) as previously described [25,26,36]. To determine
the presence of nitroTyr and Hsp90™Y in PC12 cells, cells were plated
and cultured for 24 h at 37 °C in 5% CO2. Cells were incubated with 0.5
mM peroxynitrite or with recombinant Hsp90"" as described above. The
cells were harvested and the protein process for western blot. Hsp90 was
detected using antibodies to Hsp90 (Santa Cruz) and Hsp90 nitrated in
residue 56 was visualized using a monoclonal antibody as previously
described [26,37]. NitroY was visualized using a rabbit affinity-purified
polyclonal antibody, as previously described [37-39]. Phospho-p38,
p38, phospho-JNK, JNK, Phospho-Akt, and Akt were detected using
antibodies from Cell Signaling Technology.

2.7. Transduction of PC12 cells with adenoviral and lentiviral vector
particles

PC12 cell transduction with lentiviral particles expressing P2X7
shRNA, PTEN shRNA, control shRNA, or coGFP (Santa Cruz Biotech-
nology) was performed at a multiplicity of infection of 20. The lentiviral
particles were added to the culture medium 2 h after plating. The effi-
ciency of transduction was 85-90%. PC12 cells were transduced at a
multiplicity of infection of 120 for 2 h with N-term myristolyation AKT1
(Upstate Biotechnology), cloned in an adenoviral vector co-expressing
GFP (AdEasy™ System, ADDgene) as previously described [36]. The
efficiency of transduction was 80-85% for adenovectors. The cells were
incubated for additional 36 h before treatment with peroxynitrite,
intracellular delivery of the proteins or incubation with BZATP. The total
number of cells positive for green fluorescent protein (GFP) in each well
was counted 4 h and 24 h after treatment. Viability was calculated as the
number of GFP-positive cells at 24 h respect to those positive at 4 h. In
each case the control group was used to standardize between
experiments.

2.8. Statistical analyses

All statistical analyses were performed using one-way ANOVA fol-
lowed by Holm-Sidak’s multiple comparison test, using the Prism sta-
tistical analysis software (GraphPad Software Inc.). Homoscedasticity
was tested using the Brown-Forsythe and the Bartlett’s test. When
necessary, the Kruskal-Wallis test followed by Dunn’s multiple com-
parison test was used.

3. Results
3.1. Nitration of Hsp90 at Tyr 56 induces PC12 cell apoptosis

We previously showed that peroxynitrite-treated Hsp90 induces
PC12 cell death, and that nitration of Hsp90 at Tyr 33 and Tyr 56 is
sufficient to induce motor neuron death. Incubation of PC12 cells with
0.5 mM peroxynitrite caused protein Tyr nitration (Fig. 1A), including
nitration of Hsp90 at Tyr 56 (Fig. 1B and C) and Tyr 33 (Fig. 1D, and
Supplementary Figs. 1A and B), and stimulated approximately 40% cell
death (Fig. 1E and F). In contrast, incubation with decomposed perox-
ynitrite did not affect cell viability (Fig. 1E and F) in agreement with
previous reports [13,19-21,25].

The relevance of Tyr nitration of Hsp90 in the induction of PC12 cell
death downstream of peroxynitrite was evaluated by the intracellular
release of peroxynitrite-treated human recombinant Hsp90, and a re-
combinant chaperone in which the 5 residues identified to be nitrated by
peroxynitrite were replaced by nitration-resistant phenylalanine
(Hsp90°"), using the membrane permeating agent Chariot (Active
Motif). The conditions used for the delivery of nitrated Hsp90 (Hsp90N¥)
render 2-5% nitrated chaperone respect to total cellular Hsp90, as
previously described [26,35]. These levels of Hsp90NY are similar to
those found endogenously nitrated in peroxynitrite-treated PC12 cells,
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Fig. 2. Activation of P2X7R mediates both peroxynitrite- and Hsp90™Y-
triggered PC12 cell death. PC12 cell were incubated for 1 h with the P2X7R
inhibitors KN-62 (1 pM) and BBG (10 pM), and the intracellular calcium
chelator BAPTA.AM (1 pM; BAPTA) followed by treatment with peroxynitrite
(A), or Hsp90NY was intracellularly released using Chariot (B), followed by
incubation with the inhibitors for additional 24 h before assessing cell viability.
For the down-regulation experiments, cells were transduced with a shRNA to
P2X7R (shRNA P2X7R) or a scrambled sequence (shRNA CTR) 24 h before
treatment with peroxynitrite, and cell viability assessed after additional 24 h.
The values represent the mean + SD (n = 3-5 with 3-8 replicates). *p < 0.001
vs control and ** vs ONOO™ or Hsp90™¥ by one-way ANOVA followed by Holm-
Sidak’s multiple comparison test.

and in motor neurons after endogenous production of peroxynitrite
induced by trophic factor deprivation [26]. While the release of
peroxynitrite-treated Hsp90 stimulated approximately 40% PC12 cell
death (Fig. 1G), the release of peroxynitrite-treated Hsp90° had no
effects on PC12 cell viability (Fig. 1G), suggesting that nitration of one
or more of these Tyr residues is necessary for the induction of cell death.
Intracellular release of recombinant Hsp90 produced by genetic code
expansion to replace the Tyr residue in position 56 by nitroTyr
(Hsp9ONY56) [26,33-35,40], was sufficient to trigger PC12 cell death
(Fig. 1H). Surprisingly, intracellular release of Hsp90 with nitroTyr in
position 33 (Hsp90NY33) did not affect PC12 cell viability, but Hsp90NY33
treated with peroxynitrite stimulated PC12 cell death (Fig. 1H). In
contrast, intracellular release of peroxynitrite-treated recombinant
Hsp90 carrying Tyr 56 and phenylalanine in the other four sites prone to
nitration stimulated PC12 cell death (Fig. 1H). These results demon-
strate that nitration of Hsp90 at Tyr 56 is necessary and sufficient to
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Fig. 3. Peroxynitrite- and Hsp90NY-triggered
PC12 cell death requires activation of p38 and
JNK MAP kinases. A) Representative infrared west-
ern blot of an 8 h time course following p38 phos-
phorylation after intracellular release of Hsp90NY.
Blots were stained for phospho-p38 (P-p38, red), and
total p38 and actin (green). The bottom graph shows
the quantitation of the infrared fluorescence intensity
of the P-p38 versus total p38 bands, expressed as the
signal ratio. MW: molecular weight marker. The col-
umns represent the mean + SD (n = 3, individual
values show as dots). Control (Ctr): Cells incubated
with Chariot alone. *p < 0.001 vs control by one-way
ANOVA followed by Holm-Sidak’s multiple compari-
son test. B) Representative infrared western blot of a
6 h time course for JNK phosphorylation after intra-
cellular delivery of Hsp90“Y. Blots were stained for
phospho-JNK 54 (PJNK54), phospho-JNK 46 (PJNK
46), and GADPH (red), and total JNK 56 and JNK 46
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(green). Bottom graph, quantitation of the infrared
fluorescence signal ratio of PJNK 54 versus total JNK
54. No changes were detected in the phosphorylation
of JNK 46 at any timepoint. The columns represent
the mean + SD (n = 3, individual values show as
dots). Control (Ctr): Cells incubated with Chariot
alone. *p < 0.05 vs control by Kruskal-Wallis test
followed by Dunn’s multiple comparison test. C)
Viability of PC12 cell treated or not with peroxyni-
trite in the presence or absence of the p38 inhibitor
SB203580 (1 pM; p38), the JNK inhibitor SP600125
(0.1 pM; JNK) and the selective caspase 3 inhibitor z-
DVED-fmk (25 pM; Cas3) was evaluated 24 h after

peroxynitrite-treatment. The values represent the
mean + SD (n = 3 with 8 replicates). *p < 0.001 vs
control, ** vs ONOO™~ by one-way ANOVA test fol-
lowed by Holm-Sidak’s multiple comparison test. D)
PC12 cell viability was assessed 24 h after the intra-
cellular release of Hsp90™Y in the presence or absence
of the p38 inhibitor SB203580 (1 pM; p38), the JNK
inhibitor SP600125 (0.1 pM; JNK), and the selective
caspase 3 inhibitor z-DVED-fmk (25 pM; Cas3). In all
cases, the values represent the mean + SD (n = 3 with

3-8 replicates). *p < 0.001 vs control, ** vs Hsp90™Y by one-way ANOVA followed by Holm-Sidak’s multiple comparison test. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

trigger PC12 cell death.

3.2. Peroxynitrite- and Hsp90™*-induced PC12 cell death requires P2X7
receptor activation

We previously reported that Hsp90NY activates the P2X7R to trigger
motor neuron apoptosis. We also showed that Hsp90 nitrated at Tyr 56
interacts with the P2X7R in PC12 cells [26]. To determine whether
peroxynitrite and Hsp90N" trigger PC12 cell death by activation of the
P2X7R, we investigated the effects of blocking the activity of the re-
ceptor on the survival of PC12 cell treated with peroxynitrite, or after
intracellular release of Hsp90"Y. The P2X7R inhibitors KN-62 and BBG
prevented both peroxynitrite- (Fig. 2A), and Hsp90N'-induced PC12 cell
death (Fig. 2B). In addition, decreasing expression of P2X7R using
shRNA had similar effects (Fig. 2A and B). The P2X7R is a selective
calcium channel [26,41,42]. In agreement with this function, perox-
ynitrite- and Hsp90NY-induced PC12 cell death was prevented by the
intracellular calcium chelator BAPTA-AM (Fig. 2A and B). These results
suggest that peroxynitrite induces PC12 cell death through nitration of
Hsp90, which triggers an influx of calcium mediated by the activation of
P2X7R.

3.3. Hsp90™" stimulate PC12 cell death by activation of p38 and JNK
MAPKs

Collectively, these results suggest that Hsp90 is a key target for
peroxynitrite nitration and may be the mediator that activates down-
stream death signaling cascades leading to cell death. We reason that if
Hsp90¥5® is the downstream target of peroxynitrite in the induction of
apoptosis, the same signaling pathways should be activated by perox-
ynitrite and Hsp90NY>®, Apoptosis triggered by peroxynitrite requires
the simultaneous activation of p38 and JNK MAP kinases and the
inactivation of the Akt pathway [21]. Activation of p38 and JNK was
detected by infrared western blot after intracellular release of Hsp90"Y.
Increased activation of p38 was evident at 30 min post intracellular
release, returning to basal activity after 1-2 h (Fig. 3A). Progressive
activation of JNK 54 was observed 30 min to 6 h after Hsp90"Y release
(Fig. 3B). In contrast, no changes in the phosphorylation of JNK 46 were
detected. There was no significant difference in total p38 or the JNK
protein over the same time period.

In agreement, incubation of the cells with the p38 inhibitor
SB203580, and the JNK inhibitor SP600125 prevented PC12 cell death
stimulated by peroxynitrite and Hsp90NY (Fig. 3C and D). Similar results
were obtained using a different set of inhibitors, p38 inhibitors
SB202190 and SCIO 469, and JNK inhibitors L-JNKil and CEP1347
(Supplementary Figs. 2A and B). Furthermore, in both conditions, PC12
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Fig. 4. Direct activation of P2X7R triggers PC12 cell apoptosis and phos-
phorylation of p38 and JNK MAPKs. A) Viability of PC12 cells was assessed
after 24 h incubation with BzATP (1 mM) in the presence or absence of the
calcium chelator BAPTA.AM (1 pM), p38 inhibitor SB203580 (1 uM), the JNK
inhibitor SP600125 (0.1 pM) and the selective caspase 3 inhibitor z-DVED-fmk
(25 pM) The values represent the mean + SD (n = 3-5 with 8 replicates). *p <
0.001 vs control by one-way ANOVA followed by Holm-Sidak’s multiple com-
parison test. B-C) PC12 cells were cultured with BzATP before protein was
harvested at the indicated times and processed for quantitative infrared western
blot. B) Blots were stained for phospho-p38 (P-p38) and actin (red), and total
p38 (green). MW: molecular weight marker. Bottom graph, quantitation of the
infrared fluorescence signal ratio of P-p38 versus total p38. The columns
represent the mean + SD (n = 4, individual values show as dots). Control (Ctr):
Untreated cells. *p < 0.02 vs. control by Kruskal-Wallis test followed by Dunn’s
multiple comparison test. C) Blots were stained for phospho-JNK 54 (PJNK54),
phospho-JNK 46 (PJNK 46), and GADPH (red), and total JNK 56 and JNK 46
(green). Bottom graph, quantitation of the infrared fluorescence signal ratio of
PJNK 54 versus total JNK 54. No changes were detected in the phosphorylation
of JNK 46 at any timepoint. The columns represent the mean + SD (n = 5,
individual values show as dots). Control (Ctr): Untreated cells. *p < 0.02 vs.
control by Kruskal-Wallis test followed by Dunn’s multiple comparison test.
(For interpretation of the references to colour in this figure legend, the reader is
I;eferred to the Web version of this article.)

cell death was prevented by the selective caspase 3 inhibitor z-DEVD-
fmk (Fig. 3C and D), providing strong evidence that both peroxynitrite
treatment and intracellular Hsp90™Y stimulate apoptosis. These results
further suggest that Hsp90NY plays a role as peroxynitrite mediator in
the induction of PC12 cell apoptosis through the activation of p38 and
JNK MAPK.

3.4. Activation of P2X7R is sufficient to trigger PC12 cell death through a
MAPK-Mediated mechanism

To determine if the activation of p38 and JNK required upstream
activation of P2X7R, leading to PC12 cell apoptosis, P2X7R was acti-
vated using the ATP analog 3'-O-(4-benzoyl) benzoyl adenosine 5'-
triphosphate (BzATP). As expected, incubation with BzATP stimulated
PC12 cell death, which was prevented by co-incubation with the calcium
chelator BAPTA-AM (Fig. 4A). PC12 cell death induced by activation of
the P2X7R with BzATP was prevented by inhibition of p38, JNK, and
caspase 3 activity (Fig. 4A), replicating peroxynitrite- and HspQONY-
induced PC12 cell apoptosis. Similar results were obtained using the p38
inhibitors SB202190 and SCIO 469, and the JNK inhibitors L-JNKil and
CEP1347 (Supplementary Fig. 2C). In addition, incubation of PC12 cells
with BzATP stimulated p38 phosphorylation with a peak 1 h after
treatment (Fig. 4B). Direct activation of the P2X7R also stimulated JNK
56 phosphorylation with a peak at 1-2 h and returned to basal levels at
4 h after treatment (Fig. 4C). In contrast, BZATP did not affected the
phosphorylation of JNK 46 as described before for Hsp90NY. These re-
sults show that activation of P2X7R and downstream signaling re-
capitulates peroxynitrite- and Hsp90N"-induced PC12 cell apoptosis.

3.5. Activation of P2X7R leads to the inhibition of the PI3K/Akt pathway
in PC12 cells through stimulation of PTEN

Peroxynitrite-induced PC12 cell apoptosis requires not only activa-
tion of p38 and JNK but also the inhibition of the PI3K/Akt pathway
[21]. Next, we investigated the effects of Hsp90NY and P2X7R activation
on the PI3K/Akt cell survival pathway. Hsp90"Y triggered the dephos-
phorylation of Akt without affecting total Akt levels 16 h after treatment
(Fig. 5A). Similarly, incubation of PC12 cells with BzATP resulted in a
decrease in Akt phosphorylation 16 h after treatment (Fig. 5A).

The role of Akt dephosphorylation in PC12 cell apoptosis triggered
by Hsp90™Y and activation of the P2X7R was investigated using a
constitutive active Akt. Expression of constitutive active Akt in PC12
cells prevented cell death after incubation with peroxynitrite (Fig. 5B),
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Fig. 5. Activation of PTEN mediates decreased
Akt phosphorylation and PC12 cell death trig-
gered by peroxynitrite, nitrated Hsp90, and acti-
vation of P2X7R. A) Representative infrared western
blots of Phospho-Akt (P-Akt) and GAPDH (red) and
total Akt (green) from homogenates of PC12 cells
cultured in the presence of BzATP for 16 h, or 16 h
after Hsp90™Y intracellular delivery. Untreated PC12
cells (Ctr) or cell incubated with Chariot alone (Ch)
were used as controls. MW: molecular weight marker.
Bottom graph, quantitation of the infrared fluores-
cence signal ratio of P-Akt versus total Akt. The col-
umns represent the mean + SD (n = 3, individual
values show as dots). *p < 0.05 vs control by Kruskal-
Wallis test followed by Dunn’s multiple comparison
test. B-D) PC12 cells were transduced with an ade-
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of nitrated Hsp90 (Hsp90NY) (C), or incubation with
BzATP (1 pM) (D), and cell viability assessed 24 h
post-treatment. The columns represent the mean +
SD (n = 3-6 with 3-8 replicates). *p < 0.001 vs ROA
or control, ** vs ONOO™, HspQONY, or BzATP by one-
way ANOVA followed by Holm-Sidak’s multiple
comparison test. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the Web version of this article.)

intracellular release of Hsp90NY (Fig. 5C), and activation of P2X7R
(Fig. 5D), while transfection with the empty vector had no effect on
survival in any condition. Because the mechanism inducing PI3K/Akt
downregulation by peroxynitrite and Hsp90NY remains unknown, we
investigated the role of PTEN, a well-known inhibitor of the PI3K/Akt
[43,44]. To investigate whether PTEN was involved in the activation of
peroxynitrite- and Hsp90"Y-induced apoptosis, PC12 cells were incu-
bated with the PTEN inhibitor VOOH-PIC for 1 h prior to treatment with
peroxynitrite, Hsp90™Y release, or incubation with BzATP. Inhibition of
PTEN significantly protected PC12 cells against apoptosis triggered by
peroxynitrite (Fig. 5B), Hsp90Y (Fig. 5C), and activation of P2X7R
(Fig. 5D). Similar results were observed after incubation of the cells with
a lentiviral vector expressing a shRNA to induce PTEN down-regulation,
but not with a vector expressing scrambled shRNA, used as control
(Fig. 5B, C and D). These findings suggest that peroxynitrite inhibits the
Akt survival pathway through Hsp90 nitration, followed by
P2X7R-dependent activation of PTEN. In addition, these results also
reveal that activation of PTEN is necessary for the stimulation of PC12
cell apoptosis by peroxynitrite and Hsp90"Y.

4. Discussion

Peroxynitrite acts on a multitude of biomolecules that are key players
in a number of signaling pathways, and it can thereby influence critical

cellular processes [8-10,45]. However, the molecular targets of perox-
ynitrite are not well described and could differ among different cell
types. We first identified nitroTyr as a relevant oxidative
post-translational modification in peroxynitrite-induced apoptosis in
undifferentiated PC12 cells and motor neurons [25]. More recently, the
nitration of one of two residues in the ATPase domain of Hsp90 was
determined to be necessary and sufficient to make the chaperone toxic to
motor neurons, raising the possibility that Hsp90 mediates
peroxynitrite-induced apoptosis [26]. The hypothesis addressed here is
that nitrated Hsp90 mediates the activation of the apoptotic signaling
pathways in peroxynitrite-induced PC12 cells death. Our results reveal
that nitration of Hsp90 at Tyr 56 by peroxynitrite is necessary and suf-
ficient to trigger apoptosis in undifferentiated PC12 cells. These results
contrast with previous observations in motor neurons, where nitration at
Tyr 33 or/and Tyr 56 was equally potent in triggering apoptosis [26],
raising the possibility that the mechanisms involved in the stimulation of
apoptosis by each modification are different, and cell-type dependent.
Supporting this possibility, we showed that Hsp90 nitrated at Tyr 33
downregulates mitochondrial metabolism in PC12 cells without
inducing release of cytochrome c from the mitochondria [35]. In
contrast, while nitration of Hsp90 at Tyr 56 induces PC12 cell apoptosis,
we showed that it has no effect on mitochondrial activity and membrane
potential when tested in PC12 cell homogenates [35], highlighting that
different forms of nitrated Hsp90 play distinct roles depending on the
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Fig. 6. Nitration of Tyr 56 in Hsp90 by peroxynitrite induces PC12 cells apoptosis by activation of P2X7R and downstream activation of PTEN. Nitration of
Hsp90 at Tyr 56 by peroxynitrite leads to the activation of the P2X7R complex, inducing a calcium influx that triggers the simultaneous activation of p38 and JNK 54,
and the inhibition of the PI3K/Akt pathway through activation of PTEN, ultimately inducing PC12 cell apoptosis.

conditions and cell type.

Our results also reveal that peroxynitrite and Hsp90™Y activated the
same signaling pathways to trigger PC12 cell apoptosis. Downstream of
peroxynitrite, Hsp9ONY—induced PC12 cell apoptosis proceeded through
the activation of p38 and JNK MAPKs, and inactivation of the PI3K/Akt
survival pathway, before the activation of caspases, as described for
peroxynitrite-induced apoptosis [21]. Considering that these are
well-described pathways inducing PC12 cell apoptosis, their involve-
ment in both conditions is not surprising [21,46-49]. However, both
peroxynitrite and Hsp90NY activated the purinergic receptor P2X7,
which in turn led to PTEN-dependent apoptosis. This mechanism was
recapitulated by direct activation of the P2X7R by the agonist BZATP.
Hsp90 is a normal component of the P2X7R complex that decreases the
sensitivity of the receptor to agonist-dependent activation [50,51].
However, Hsp90NY triggers agonist-independent P2X7R activation [26].
We also showed that Hsp90 nitrated at Tyr 56 interacts with the P2X7R
complex in PC12 cells, suggesting that this nitrated form of Hsp90 may
compete with and displace unmodified Hsp90 from the complex to
activate the P2X7R, ultimately leading to PC12 cell apoptosis [26].
P2X7R is a calcium channel, but continuous stimulation of the receptor
leads to the activation of a cationic pore that allows the passage of
molecules with molecular weight of less than approximately 1000 Da
[52]. However, the pore does not seem to be involved in the toxicity of
peroxynitrite or Hsp90NY since apoptosis triggered by peroxynitrite,
Hsp90™Y, and BzATP was prevented by calcium chelation, suggesting
that the opening of the channel is sufficient to stimulate PC12 cell
apoptosis.

As discussed above, activation of JNK and p38 MAP kinase is
required for the stimulation of PC12 cell apoptosis by peroxynitrite [21].
Hsp90™Y stimulated p38 phosphorylation in PC12 cells with a pattern
similar to that previously described for peroxynitrite [21]. While the
increase in p38 phosphorylation peaked 30 min after peroxynitrite

incubation, the peak was evident 4 h after Hsp90NY release. A possible

explanation for this delay is that the oxidized chaperone needs time to
build up in the cytoplasm after release in order to produce a substantial
effect on p38 phosphorylation. This conclusion is further supported by
the observation that JNK phosphorylation stimulated by Hsp90NY was
also delayed compared with peroxynitrite treatment, while the induc-
tion of JNK phosphorylation by activation of P2X7R followed the same
pattern as previously described in the presence of peroxynitrite [21].
Calcium influx in PC12 cells has been demonstrated to activate RAS,
leading to the stimulation of MLK, which is a known activator of the p38
and JNK pathways [21,53]. This evidence provides a possible link be-
tween calcium influx through P2X7R and the activation of p38 and JNK
MAPKs seen in peroxynitrite- and Hsp90NY-induced apoptosis.
Hsp90NY and P2X7R activation also resulted in the down-regulation
of the PI3K/Akt pathway, in agreement with peroxynitrite effect on the
pathway [21]. Interestingly, we also observed the activation of PTEN, an
inhibitor of the PI3K/Akt pathway that acts through the dephosphory-
lation of phosphatidylinositol (3,4,5)-triphosphate (PIP3) to phospha-
tidylinositol (4,5)-bi-phosphate (PIP2) [54]. A link between P2X7R and
PTEN was established in cancer cell proliferation [55-57]. Recent re-
ports show that inhibition of Hsp90 in motor neurons activates P2X7R,
and in turn calcium-dependent activation of PTEN [36]. Our results
provide further evidence for the activation of PTEN by a
P2X7R-mediated calcium influx, as the intracellular calcium chelator
BAPTA-AM and inhibition of PTEN prevented PC12 cells apoptosis
triggered by P2X7R activation. Collectively, these results suggest that
PTEN plays a central role in the regulation of peroxynitrite-induced
PC12 cell apoptosis. Inactivation of the PI3K by nitration of unknown
targets was proposed as a mechanism of peroxynitrite-induced apoptosis
[19]. The activation of the PI3K/Akt pathway by NGF before incubation
with peroxynitrite prevents apoptosis [13,19]. NGF may afford protec-
tion by preventing Akt inactivation mediated by PTEN, which agrees



M. Jandy et al.

with our results showing that expression of constitutively activated Akt
prevented PC12 cell apoptosis triggered by Hsp90NY and P2X7R acti-
vation, rather than prevention of the inactivation of PI3K by
peroxynitrite.

Therefore, our current understanding of the peroxynitrite-induced
apoptotic pathway in PC12 cells includes the nitration of Hsp90 at Tyr
56, P2X7R activation leading to a calcium influx, MAPK activation, with
Ras and MLK being possible mediators in the calcium-dependent acti-
vation of p38 and JNK MAPKs, and the inhibition of the PI3K/Akt
pathway due to PTEN activation (Fig. 6).

In summary, our results strongly support the interpretation that
nitration of Hsp90 at Tyr 56 by peroxynitrite is sufficient for the in-
duction of PC12 cell apoptosis, and that downstream P2X7R activation is
required for peroxynitrite-induced apoptosis in PC12 cells. In addition,
our results provide further understanding of the pathways involved in
peroxynitrite-induced apoptosis in PC12 cells, and possible other cell
types. We also show for the first time that nitration of Hsp90 mediates
peroxynitrite activation of the P2X7R, followed by PTEN dephosphor-
ylation of PIP3, which is responsible for the inhibition of PI3K and
downstream Akt. This pathway may be highly relevant in pathological
conditions, since P2X7R antagonists improve recovery after spinal cord
injury, a condition in which Hsp90 is endogenously nitrated [26,58,59].
Peroxynitrite and nitroTyr are found in a number of neurodegenerative
diseases and are now accepted mediators in pathologies such as Par-
kinson’s disease [12,24,60,61]. A better understanding of the proteins
and signaling pathways regulated by peroxynitrite and Tyr nitration
may provide new targets for the development of therapeutic strategies
for a wide range of pathological conditions.
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