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Impact statement

Here we show that a motor neuron specific
pool of Hsp90 that is highly sensitive to
geldanamycin inhibition represses ligand-
independent activation of P2X7 receptor
and is critical to motor neuron survival.
Activation of P2X7 receptor by Hsp90
inhibition triggers motor neuron apoptosis
through the activation of PTEN, which in
turn inhibits the PI3 kinase/Akt survival
pathway. Thus, inhibition of Hsp90 for
therapeutic applications may have the
unexpected negative consequence of
decreasing the activity of trophic pathways
in motor neurons. The inhibition of Hsp90
as a therapeutic approach may require the
identification of the Hsp90 complexes
involved in pathogenic processes and the
development of inhibitors selective for
these complexes.

Abstract

Activation of the extracellular ATP ionotropic receptor P2X7 stimulates motor neuron apo-
ptosis, whereas its inhibition in cell and animal models of amyotrophic lateral sclerosis can
be protective. These observations suggest that P2X7 receptor activation is relevant to motor
neuron disease and that it could be targeted for therapeutic development. Heat shock
protein 90 (Hsp90) is an integral regulatory component of the P2X7 receptor complex,
antagonizing ligand-induced receptor activation. Here, we show that the repressive activity
of Hsp90 on P2X7 receptor activation in primary motor neurons is highly sensitive to inhi-
bition. Primary motor neurons in culture are 100-fold more sensitive to Hsp90 inhibition by
geldanamycin than other neuronal populations. Pharmacological inhibition and down-
regulation of the P2X7 receptor prevented motor neuron apoptosis triggered by Hsp90
inhibition, which occurred in the absence of extracellular ATP. These observations suggest
that inhibition of a seemingly motor neuron specific pool of Hsp90 leads to ligand indepen-
dent activation of P2X7 receptor and motor neuron death. Downstream of Hsp90 inhibition,
P2X7 receptor activated the phosphatase and tensin homolog (TPEN), which in turn sup-

pressed the pro-survival phosphatidyl inositol 3 kinase (PI3K)/Akt pathway, leading to Fas-dependent motor neuron apoptosis.
Conditions altering the interaction between P2X7 receptor and Hsp90, such as recruitment of Hsp90 to other subcellular compart-
ments under stress conditions, or nitration following oxidative stress can induce motor neuron death. These findings may have
broad implications in neurodegenerative disorders, including amyotrophic lateral sclerosis, in which activation of P2X7 receptor
may be involved in both autonomous and non-autonomous motor neurons death.

Keywords: Heat shock protein 90, motor neuron, phosphatase and tensin homolog, P2X7, apoptosis, Fas

Experimental Biology and Medicine 2019; 244: 901-914. DOI: 10.1177/1535370219853798

Introduction neuroinflammation mediated by microglia and astro-
cytes.' The ionotropic purine receptor P2X7 (P2X7 recep-
tor) is present in activated microglia in the spinal cord of
ALS patients and animal models of the disease.%”
Inhibition of the P2X7 receptor, at the time of symptom
onset provides protection in transgenic mouse model of

ALS, suggesting that activation of P2X7 receptor plays a

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease characterized by the loss of pyramidal neurons in
the motor cortex and motor neurons in the spinal cord and
brain stem. Motor neuron degeneration in ALS has two
components, a motor neuron autonomous mechanism
and a non-autonomous process that results from
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role in disease progression.®'’ However, the deletion of
exon 10 in the P2X7 receptor gene accelerates symptoms
onset but delays progression of the disease in the same
mouse model of ALS."' Activation of P2X7 receptor in
astrocytes isolated from the spinal cord of a transgenic
ALS model stimulates non-autonomous motor neurons
death. In agreement, inhibition of the receptor or the deg-
radation of its endogenous ligand ATP by incubation with
apyrase reverse the toxic effects of astrocytes on motor
neuron survival.'> Together, these results suggest that
P2X7 receptor plays an important role in ALS non-
autonomous motor neurons death.

The expression of P2X7 receptor in the central nervous
system is not limited to glial cells."> Motor neurons express
the P2X7 receptor both in vivo and in culture.'*'> Activation
of P2X7 receptor using a high affinity agonist stimulates
peroxynitrite-dependent motor neuron death in cultures.'®
In contrast, motor neuron death stimulated by intracellular
delivery of the oxidatively modified molecular chaperone
heat shock protein 90 (Hsp90) requires P2X7 receptor acti-
vation but does not involve peroxynitrite production,™®
showing that P2X7 receptor can induce cell-autonomous
motor neuron death. The involvement of P2X7 receptor in
both cell autonomous and non-cell autonomous motor
neuron death pathways suggests this receptor is an ideal
target for therapeutic intervention in ALS. While P2X7
receptor antagonists are under investigation for the treat-
ment of a wide variety of disorders, its success in clinical
trial is hampered by genetic variation within patient pop-
ulations.” Thus, an alternative approach to augment the
therapeutic potential of P2X7 receptor antagonists is to
target the pathways regulated by P2X7 itself.

The P2X7 receptor is an atypical member of the P2X
family of purine ionotropic receptors, which activation
leads to the opening of a non-selective calcium channel
and prolonged stimulation leads to the opening of a high
molecular pore.'®2° P2X7 receptor has an additional 200 aa
c-terminal domain, which is responsible for most
conductance-independent P2X7 receptor activities through
the formation of cell-specific complexes that include as
many as 11 distinct protein components.”’** One of the
components of the P2X7 receptor complex is Hsp90.2%%%
Hsp90 represses P2X7 receptor by binding to the C-termi-
nal domain, decreasing the affinity of the receptor for
ATP.#7?* Hsp90 is a ubiquitous molecular chaperone that
totals 1-2% of cytosolic proteins.*® Hsp90 participates in the
regulation of a variety of pro-survival cellular processes
through interactions with more than 300 client proteins,
including numerous transcription factors and kinases
such as phosphoinositide-dependent kinase-1 (PDK1) and
Akt Hsp90 is also responsible for the induction of the
heat shock/ stress response, which results in the expression
of stress proteins such as heat shock protein 70 and 40
(Hsp70 and Hsp40).%*° However, motor neurons fail to
induce the expression of Hsp70 after Hsp90 inhibition,***!
which results in a higher threshold for the induction of an
atypical heat shock response.*'*? However, until now there
was not clear understanding for this anomalous behavior.
Here we report that incubation of pure primary motor

neurons with low nanomolar concentrations of geldanamy-
cin triggers cell death through ligand-independent activa-
tion of the P2X7 receptor. We also report for the first time in
neurons that the influx of calcium due to activation of the
P2X7 receptor stimulates the phosphatase and tensin
homolog (TPEN), which inhibits the phosphatidyl inositol
3 kinase (PI3K)/Akt pathway, leading to Fas-mediated
motor neuron apoptosis. Together these results provide a
new understanding on specific pathways that may be
responsible for the selective motor neuron degeneration
in ALS.

Materials and methods

Motor neuron cultures

Motor neurons were prepared as previously described.'>*3*

Animal protocols were approved by the Institutional Animal
Care and Use Committee (IACUC) of the University of
Central Florida and Oregon State University and manipula-
tions performed according with the National Institute of
Health guidelines for the Care and Use of Laboratory
Animals. Briefly, ventral spinal cords from E15 rat embryos
were enzymatically disaggregated using trypsin followed by
mechanical trituration. Motor neurons were recovered from
the interface after centrifugation of the disaggregated spinal
cord cell suspension on a 6% OptiPrep cushion (Sigma, Saint
Louis, MO). Further purification of the motor neurons was
achieved by immunoaffinity purification with a monoclonal
antibody that recognize the extracellular domain of the p75
low-affinity neurotrophin receptor (p75™'%, Chemicon-
Milliport, Billerica, MA) and magnet-assisted cell separation
(Miltenyi Biotec, Auburn, CA). Motor neurons were plated
on poly-DL-ornithine and laminin (Sigma) in 96 well plates
(750 cells per well), 35 mm plates (20,000 cells per plate),
4-well plates (3,000 cells per well), or 8-well chamber slides
(30,000 cells per well) on. The cultures were maintained in
Neurobasal media with B27supplement, heat inactivated
horse serum, glutamine, glutamate, 3-mercaptoethanol
(all from Gibco/Invitrogen, Carlsbad, CA). When the cul-
tures were performed in the presence of trophic factors,
Ing/mL brain-derived neurotrophic factor (BDNF),
0.1ng/mL glial-derived neurotrophic factor (GDNF) and
10ng/mL cardiotrophin-1 (CT-1) were added to the media
described above. The cultures were maintained at 37°C in a
5% CO, humidified atmosphere. The culture purity was reg-
ularly confirmed by staining for Islet 1/2, choline acetyl
transferase (ChAT) and Hb9. The cultures were more than
95% pure motor neurons.

Cortical neuron cultures

Cortical neurons were obtained from the cerebral cortex of
fetal Sprague Dawley rats (E 17) by a papain dissociation
method as described previously.*® Cultures were plated on
poly-D-lysine (Sigma-Aldrich)-coated cell culture dishes
and maintained in minimum essential medium (MEM)
(Invitrogen, Grand Island, NY) containing 5.5 g/L glucose,
2 mM glutamine, 100 uM cystine, and supplemented with
10% fetal bovine serum (FBS; Invitrogen) and 1% penicil-
lin/streptomycin (Invitrogen). Cultures plated at a low



density (10,000 cells/mL) were maintained in MEM con-
taining 10% horse serum (HS) (Invitrogen) instead of FBS
and 10 uM BHA (Invitrogen). All experiments were initiat-
ed 24 h after plating.

NSC34 cell line culture

NSC34 motor neuron hybrid line was maintained in
DMEM containing 10% FBS and 1% penicillin/streptomy-
cin at 37°C during the growth stage. To differentiate the
cells, 10% FBS was substituted for HS and 1 uM retinoic
acid was added. The cells were differentiated for a period of
one week prior to treatments.

Motor neuron survival

Motor neuron survival was determined either by counting
under phase contrast in four well plates (Nunc) or by cal-
cein staining (Molecular Probes, Invitrogen) for 45 min in
black 96-well plates (Greiner Bio-One, Monroe, NC) as pre-
viously described.'” Extracellular calcein was quenched
with 100 mg/mL hemoglobin and the images were cap-
tured using the RUNNER (Trophos, Marseilles, France).
Cell counts were obtained using the Tina® software
(Trophos). The criteria for cell survival determinations by
direct observation under phase contrast followed the same
requirements utilized by Tina software to include only neu-
rons with neurites longer than 3-soma diameter.'>***
Survival determinations by direct observation did not
differ from those obtained using image analysis. Motor
neuron survival is calculated as the fraction of the survival
of neurons respect to the corresponding control (with or
without trophic factors) after 24 h in culture.

Immunoblotting

Cells were lysed using a NP-40 lysis buffer (1% NP-40,
40mM Tris, pH 7.4, 0.15 M NaCl, 10% glycerol, 0.1% SDS,
0.1% deoxycholate) containing protease and phosphatase
inhibitors. Cells were subjected to sonication or freeze-thaw
and then centrifuged to collect supernatant. Lysate was sub-
jected to SDS-PAGE before transfer to PVDF membrane.
After blocking the membranes with Odyssey Blocking
Buffer (LI-COR Biosciences), the membranes were incubated
with primary antibodies overnight at 4°C, washed, incubated
with secondary antibodies for 1 h at room temperature. After
washing, the membranes were scanned using the LI-COR
Biosciences Odyssey Infrared Imaging system. Secondary
antibodies were obtained from LI-COR Biosciences (IR 680
goat anti-rabbit IgG and IR 800 goat-anti-mouse IgG or 680
donkey anti-rabbit and 700 donkey anti-goat). Primary anti-
bodies were the following: Akt, pAkt (Ser473), pAKT
(thr308), and Myc from Cell Signaling. Bands were quantified
using Image Studio Licor software.

Adenoviral vectors construction

The p110-CAAX subunit of PI3K,*” A280V PDK1,*® and
N-term myristolyation AKT1 (Upstate Biotechnology)
were cloned separately into pAdTrack-CMYV using restric-
tion enzymes Sall and EcoRV (Genscript Corporation,
Piscataway, NJ). The encoded proteins carry a C-terminus
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Flag-tag. The adenoviral vectors were prepared and ampli-
fied as previously described.* Briefly, the linear vectors
were electroporated in chemically competent cells contain-
ing pAdEasyl. The resulting adenoviral vector co-
expressing GFP was digested with Pacl and transfected
into HEK293A cells using lipofectamine 2000. The infected
cells were cultured until all cells were GFP positive, at
which time cells were lifted and lysed by freeze/thaw.
The viral stock was then amplified to a titer of 1 x 10° pfu.

Motor neuron transduction

Purified motor neurons (80 motor neurons/pl) were incu-
bated with the adenoviral vectors at a multiplicity of infec-
tion of 120 for 2 h at 4°C in transduction media (1% heat
inactivated horse serum, 20 uM glucose, 0.5 pg/mL insulin,
10 pM putrescine, 10 pg/mL conalbumin, and 0.3 nM
sodium selenite, 20 nM progesterone). Motor neurons
were then plated at a density of 3000 cells/well in a
4-well plates or 1000 cells/well in a 96-well plates and cul-
tured for 72 h at 37°C, 5% CO,/air prior to experimentation.
After 72 h and before any additional treatment, GFP posi-
tive cells per well of a 4-well plates were counted under a
fluorescence microscope in two perpendicular diagonals,
or using the runner for 96-well plates. The number of
cells per well was recorded. The cultures were then treated
with geldanamycin and the GFP-positive motor neurons
were counted again after 24 h. Survival was calculated as
the percent of GFP-positive cells in the well 24 h after treat-
ment respect to the GFP-positive cells present in the same
well before treatment. A similar protocol was used for
the transduction of motor neurons with lentiviral vectors
co-expressing GFP with control shRNA or P2X7 receptor
shRNA, and PTEN shRNA (Santa Cruz Biotechnology) at a
multiplicity of infection of 20.

Statistical analysis

Statistical analysis was performed and the graphs were made
using Prism software (Graphpad). ANOVA (one or two
way), followed by Bonferroni multiple comparison test,
was used to compare multiple groups in the same experi-
ment. When the homoscedasticity test (Brown-Forsythe
and Bartlett’s tests) show differences in the standard devia-
tion of the different groups, the Kurskal-Wallis test was used.
Survival and dose response data were fit to sigmoidal curves.
ECs) values were compared using the extra sum-of-squares F
test. Differences between groups were considered different
when P < 0.05. All experiments were performed at least in
triplicate and repeated at least three times.

Results

Motor neurons are highly sensitive to inhibition of
Hsp90 by geldanamycin

The Hsp90 inhibitor, geldanamycin, is commonly used to
study interactions between Hsp90 and the P2X7 complex
(Adinolfi 2003 and Migita 2006). Thus, we investigated the
effects of Hsp90 inhibition by geldanamycin on the survival
of rat E15 embryo motor neurons isolated by a combination
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of gradient centrifugation and immunopurification with
antibodies to p75"'™® (Figure 1(a)) as previously
described.>***° The cultures were over 95% positive for
the motor neuron markers ChAT, Hb9, and Islet 1/2, as
previously reported.'>***>°! Motor neurons were incubat-
ed with and without a combination of BDNF, GDNF and
CT-1 (trophic factors) for 24 h prior to the addition of gel-
danamycin (Figure 1(a)). Trophic factor deprivation stimu-
lated death in approximately 50% of the motor neurons (not
shown).**?1-% Incubation of 24 h old motor neuron cultures
with increasing concentrations of the Hsp90 inhibitor gel-
danamycin stimulated concentration-dependent death
independently on whether the motor neurons were
cultured in the presence or absence of trophic factors
(Figure 1(b)). However, motor neurons cultured in the pres-
ence of trophic factors were significantly more sensitive to
Hsp90 inhibition than those that survived without
trophic factors for 24 h prior to geldanamycin treatment
(Figure 1(b); Table 1). In addition, the surviving motor neu-
rons show morphological abnormalities including smaller

(a)
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soma size at geldanamycin concentrations as low as 0.1 nM,
a concentration that do not show a significant reduction in
cell viability. The half-maximal effective concentration
(ECsp) for Hsp90 inhibition on motor neuron survival was
calculated by normalizing the survival to the correspond-
ing control group (with or without trophic factor) incubat-
ed without geldanamycin (Figure 1(b), Table 1). These
observations suggest that one or more signaling pathways
regulated by trophic factors made motor neurons more
dependent on Hsp90 activity. In addition, the ECs, for the
induction of trophic factor-treated motor neuron death by
geldanamycin was substantially lower than previously
reported values in other cell types (Table 1).°~® To confirm
the higher sensitivity of motor neurons to Hsp90 inhibition
in the presence of trophic factors, we investigated the
effects of increasing concentrations of geldanamycin in cul-
tures of dissociated embryo ventral spinal cord and cortical
neurons at low and high culturing density (Figure 1(c);
Table 1), as well as undifferentiated and differentiated cul-
tures of the hybrid motor neuron cell line NCS34 (Fig. 1d).
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Figure 1. Effect of Hsp90 inhibition on neuronal survival. (a) Motor neurons were prepared from 15 days old rat embryos by a combination of gradient centrifugation
and immunoaffinity. Pure motor neurons were cultured for 24 h with or without a combination of BDNF, GDNF, and CT-1 previous to incubation with geldanamycin for
24 h before determine viability. Neuron survival was determined by analyzing the imagens of calcein-AM-stained neurons using the Tina software (Trophos) or by
counting under phase contrast. The survival between experiments was normalized to the survival of the corresponding control group incubated without geldanamycin.
(b) Motor neurons were treated with geldanamycin (0-500 nM) in the presence (TF+GA) or absence of trophic factors (GA) for 24 h. (c) Cells from whole embryo ventral
spinal cords (SC), purified motor neuron with trophic factors (motor neurons), and isolated cortical neurons at high (Cortical HD) or low (Cortical LD) density were
treated with geldanamycin (0-10 pM) for 24 h. (d) Undifferentiated and differentiated NSC34 cells were treated with geldanamycin (0-100 uM) for 24 h. (e) Motor
neurons were cultured with (TF) and without trophic factors (TFD) and incubated with radicicol at the indicate concentrations. For all panels, values represent the mean
=+ SD of three to five experiments performed by quadruplicate to octuplicate (n > 20 per group). The continuous lines in panels b—e represent the sigmoidal regression

curves of the data using the Prism software.



Strayer et al.

Hsp90 blocks P2X7R-mediated motor neuron death

Table 1. ECs, of different cell types treated with geldanamycin.

Ratio to Motor

Cell Type ECso (95% CI) Neurons + TF R?

Motor neuron plus TF 0.5nM (0.4 nM to 0.6 nM) 1 0.89
Motor neuron minus TF 3.4nM (2.4 nM to 4.8 nM) 7 0.74
Embryo ventral spinal cord 146 nM  (118.3 nM to 180.3 nM) 292 0.84
High density cortical neurons 59nM (4.95nM to 7.1 nM) 12 0.94
Low density cortical neurons 497.6 nM  (404.8 nM to 611.7 nM) 995 0.80
NSC34 undifferentiated 7.75 M (6.1 uM to 9.8 uM) 15500 0.82
NSC34 differentiated 0.70 uM (0.4 uM to 1.2 uM) 1400 0.65

Note: Cells were treated with geldanamycin (0.01 nM to 100 puM) for 24 h. Cell survival was measured using calcein-AM staining as
described in material and methods. Values represent the mean and 95% Cl of at least three independent experiments. Data were fit to
a sigmoidal curve using Prism software (Graphpad). The ECs, values were compared using the extra sum-of-squares F test. ECsq
different for each group compared with motor neuron plus trophic factors P < 0.0001.

The ECs for geldanamycin of purified motor neurons cul-
tured with trophic factors was approximately 10-fold lower
than the ECs, for high density cortical cultures and 1000-
fold lower than low density cortical cultures (Table 1).
Similarly, trophic factor-treated motor neurons were
approximately 300-fold more sensitive to Hsp90 inhibition
than cultures of embryo ventral spinal cord (Table 1). When
differentiated, the hybrid cell line NSC34 (neuroblasto-
ma x spinal cord) shows some of the characteristics of
motor neurons and it is thus widely used as a motor
neuron model.”® While differentiated NSC34 cells were
over 1000-fold more sensitive to Hsp90 inhibition than
undifferentiated cells, they were still 1400-fold less sensi-
tive than motor neurons cultured with trophic factors
(Figure 1(d); Table 1).

Surprisingly, motor neurons did not show the same
response to inhibition of Hsp90 by radicicol, another
Hsp90 inhibitor with a different scaffold and distinct inter-
action with the Hsp90 ATP binding site.®” The ECs for rad-
icicol toxicity was the same whether motor neurons were
incubated with or without trophic factors (Figure 1(e)),
which suggest there is a pool of Hsp90 inhibited by low
geldanamycin concentrations that is responsible for the pre-
vention of motor neurons death. The high sensitivity to gel-
danamycin was not due to variations in overall content of
Hsp90 protein in motor neurons, as no difference was
observed in protein levels between spinal cord cultures
and motor neurons (Supplemental Figure 1). In summary,
these results reveal that a pool of Hsp90 that is highly sen-
sitive to inhibition by geldanamycin has a specific motor
neuron regulatory function not present in other cell types,
and that this pool is involved in signaling pathways regulat-
ed by trophic factors.

Hsp90 inhibition activates P2X7 receptor

Hsp90 associates and represses the ligand-dependent acti-
vation of the P2X7 ionotropic ATP-gated receptor,”>*
which activation stimulates motor neuron death.'>'¢
Thus, we investigated whether motor neuron death stimu-
lated by Hsp90 inhibition with low geldanamycin concen-
trations was dependent on the activation of the P2X7
receptor. Motor neurons were incubated with a 0.5 nM con-
centration of geldanamycin, which stimulated 50% motor
neuron death in the presence of trophic factors but had no

effect on the survival of trophic factor-deprived motor neu-
rons. The inhibition of P2X7 receptor using brilliant blue G
(BBG), KN-62, and the irreversible inhibitor oxidized ATP
(0ATP)®! prevented motor neuron death stimulated by incu-
bation with 0.5 nM geldanamycin in the presence of trophic
factors (Figure 2(a)). Geldanamycin-induced motor neuron
death was also prevented by transduction of motor neurons
with a lentiviral vector expressing a shRNA targeting P2X7
receptor (Santa Cruz Biotechnology, (Figure 2(b)), which
reduced the expression of the receptor by ~50%, as previous-
ly described.”” In contrast, delivery of scrambled control
shRNA did not affect motor neuron survival. Furthermore,
incubation with the ATP degrading enzyme apyrase had no
effect on motor neuron death stimulated by Hsp90 inhibition
(Figure 2(a)), suggesting that the activation of the receptor by
Hsp90 inhibition is ligand independent. P2X7 receptor is a
preferential calcium channel and some of its effects are medi-
ated by the calcium influx.'®%* The intracellular calcium che-
lator BAPTA-AM prevented motor neuron death stimulated
by low geldanamycin concentrations (Figure 2(a)), suggesting
that it is the influx of calcium that induces motor neuron
death rather than the formation of a pore. Together, our results
reveal that inhibition of Hsp90 is sufficient to activate the
P2X7 receptor in the absence of ligand, increasing intracellular
calcium, which in turn stimulates motor neuron death.

Hsp90 inhibition/P2X7 receptor activation in the
presence of trophic factors triggers motor neuron
death via PTEN-mediated suppression of the PIBK/
Akt pathway

In the presence of trophic factors, motor neurons depend on
the activation of the PI3K/ AKT pathway for survival; these
pathways are inactive in conditions of trophic factor depri-
vation.**3-%” Thus, we hypothesized that the selective sen-
sitivity of motor neurons to geldanamycin treatment in the
presence of trophic factors is triggered by inhibition of the
phosphatidylinositol 3 kinase (PI3K)/Akt pathway down-
stream of P2X7 receptor activation. We investigated this
hypothesis by assessing the progression of AKT phosphor-
ylation after Hsp90 inhibition. Incubation of motor neurons
with 0.5 nM geldanamycin causes a significative reduction
in Akt phosphorylation at Ser 473 (Figure 3(a) and (b))
and Thr 308 (Figure 3(c) and (d)) after 24 h without altering
total Akt levels (Figure 3(a), (b), and (e)). In addition,
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Figure 2. Hsp90 inhibition activates the P2X7 receptor. (a) Motor neurons were
incubated with trophic factors and 0.5 nM geldanamycin in the absence or
presence of the P2X7 receptor inhibitors Brilliant Blue G (BBG, 10 uM), KN-62
(1uM), and the irreversible inhibitor oxidized ATP (0ATP, 1 uM), the ATP
degrading enzyme apyrase (APY, 1 U/mL) or the calcium chelator BAPTA-AM
(BAPTA, 1 uM) for 24 h. (b) Motor neurons were transduced with P2X7 receptor
or scrambled shRNA lentiviral particles co-expressing GFP for 48 h and then
cultured in the presence of 0.5 nM geldanamycin (GA) for additional 24 h.
Survival was assessed by counting GFP-positive motor neurons for the trans-
fection experiments and normalized to the number of GFP-positive neurons
before the addition of geldanamycin. All other treatments were quantified using
calcein-AM staining and normalized to control as described in materials and
methods. *P < 0.05 versus control; **P < 0.05 versus GA, **p<0.01 versus GA.
Differences were determined by one-way ANOVA followed by Bonferroni post
hoc test. Columns represent the mean + SD of at least three independent
experiments performed by quadruplicate to octuplicate (n > 16 per group).

inhibition of Hsp90 did not affect the levels of the
phospholipid-dependent kinase 1 (PDK1) (Figure 3(f)),
which activates Akt due to the production of phosphatidyl
inositol 3,4,5 triphosphate (PIP3) by the phosphatidyl ino-
sitol 3 kinase (PI3K).®® To determine which component of
the PI3K/ Akt pathway was hindered by Hsp90 inhibition,
motor neurons were transduced with adenoviral vectors
that co-expressed GFP and constitutively active Myc
tagged Aktl, PDK1 or PI3K. Three days later, GFP-
positive motor neurons were counted prior to Hsp90 inhi-
bition and surviving motor neurons were counted 24h
after incubation 0.5 nM geldanamycin (Figure 3(g)).
Overexpression of constitutively active Aktl, PDK1 and
PI3K prevented motor neuron death stimulated by Hsp90
inhibition (Figure 3(h) and (i)), suggesting that inactivation
of the PI3K/Akt pathway occurs at the level of PI3K sig-
naling or upstream. In cellular cancer models, the phospha-
tase and tensin homolog (PTEN), a well-established
inhibitor of the PI3K/Akt pathway, is activated

downstream of P2X7 receptor.”®”' PTEN opposes the
PI3K activity through dephosphorylation of PIP3 to
phosphatidylinositol-3,4-diphosphate (PIP2), which pre-
vents the activation of PDK1.°*”> Motor neuron death in
the presence of low geldanamycin concentrations was pre-
vented by incubation with the PTEN inhibitor VO-OH(pic)
or PTEN downregulation by shRNA (Santa Cruz
Biotechnology, Figure 4(a)). The expression of shRNA
decreased PTEN levels by ~50%, determined by infrared
Western blot (Figure 4(b)). In contrast, the expression of
scrambled shRNA prior to the incubation with geldanamy-
cin did not affect motor neuron survival. These results
suggest that inhibition of Hsp90 disabled the PI3K/Akt
pro-survival pathway by activation of PTEN.

Hsp90 inhibition leads to stimulation of Fas ligand
transcription by FOXO3a and Fas receptor activation

In conditions of trophic factor deprivation, the inactivation
of the PI3K/ Akt pathway leads to motor neuron death by
activation of the Fas receptor,">”" suggesting that Hsp90
inhibition with low geldanamycin concentrations may acti-
vate the same cell death pathway. Indeed, incubation Fas:
Fc, a decoy that prevents Fas activation, blocked motor
neuron death stimulated by inhibition of Hsp90 with low
geldanamycin concentrations in the presence of trophic fac-
tors (Figure 5(a)).

When the PI3K/Akt pathways is inactivated in motor
neurons, the dephosphorylation of forkhead box 03
(FOXO3a) transcription factor on Ser 253 leads to FasL
expression and Fas receptor activation.”>””® Incubation of
motor neurons with low geldanamycin concentrations
reduced FOXO3a phosphorylation (Figure 5(b) and (c)),
with no change in total levels of the transcription factor
(Figure 5(b) and (d)). The activity of FOXO3a was measured
by transducing motor neurons with a reporter construct
carrying luciferase under the control of the forkhead
responsive element (FHRE).”* There was a two-fold
increase in the luciferase activity in motor neurons incubat-
ed with geldanamycin for 16 h compared with untreated
controls (Figure 5(e)) with no changes in cell number
(Figure 5(f)). In addition, while inhibition of Hsp90 stimu-
lated the expression of Fas ligand (Figure 5(g)), it did not
affect the expression of Fas receptor, as determined by qRT-
PCR (Figure 5(h)). Together, these results reveal that at low
levels of geldanamycin, the activation of the P2X7 receptor
leads to PTEN activation and subsequent inhibition of the
PI3K/Akt pathway, which is sufficient to stimulate Fas
ligand expression and activate the Fas death pathway.

In motor neurons, Fas receptor activates the Fas-
Associated protein with Death Domain (FADD), which in
turn activates the caspase cascade starting with caspase
8 leading to activation of the effector caspase 3 and motor
neuron apoptosis.*>*! In addition, Fas also activates an
apparently specific motor neuron pathway through inter-
action with the Death domain-Associated protein (DAXX),
that leads to activation of p38-MAP kinase, expression of
neuronal nitric oxide synthase (nNOS), production of per-
oxynitrite, tyrosine nitration, and caspase activation, which
triggers motor neuron apoptosis.51 Motor neuron death
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Figure 3. Hsp90 inhibition inactivates the PIBK/AKT pathway. Motor neurons cultured with trophic factors were incubated with 0.5 nM geldanamycin and protein
harvested at the indicated times as described in material and methods. (a) Representative infrared Western blots for phosphoserine 473 Akt. (b) Quantification of four
Western blots showing phospho Akt/Akt fluorescent intensities, the ratios were standardized between experiments using the values of time 0. *P < 0.01 vs. time 0. (c)
Representative infrared Western blot for phosphothreonine 308 Akt. (d) Quantification of four Western blots showing phospho Akt/Akt fluorescent intensities as
indicated in (b). *P < 0.02 vs. time 0. (e) Quantification of eight Western blots of total Akt fluorescence respect to GAPDH fluorescence. Calculations were performed as
in (b). (f) Representative infrared Western blot for total PDK1 (upper panel) and quantification of five Western blots of PDK1 respect to GAPDH fluorescence (lower
panel). Calculations were performed as indicated in (b). For all panels, columns represent the mean + SD of at least of the indicated number of independent
experiments for each graphic, while the circles represent the individual values used to calculate the mean and SD. Statistical analysis was performed using the
Kruskal-Wallis test followed by the Dunn’s multiple comparisons test. (g) Purified motor neurons were incubated with adenoviral vectors expressing green fluorescent
protein (GFP) alone or in combination with constitutive active PI3K, PDK1 or myristoylated Akt as described in materials and methods before plating and incubated for
three days. GFP-positive motor neurons were counted before addition of 0.5 nM geldanamycin for 24 h. Motor neuron survival was determined as the proportion of
GFP-positive motor neurons present after incubation with geldanamycin respect to the number of GFP-positive motor neurons before the incubation with geldana-
mycin. (h) Expression of constitutive active PI3K, PDK1, or myristoylated Akt prevented motor neuron death stimulated by 0.5 nM geldanamycin in the presence of
trophic factors. Values are the mean + SD of at least four independent experiments performed by quadruplicate (n > 16 per group). Results were analyzed by two-way
ANOVA followed by Bonferroni post hoc test. *P < 0.001 versus GA-treated GFP, **P < 0.05 versus GFP before the incubation with geldanamycin. (i) Representative
infrared Western blot for Myc tag showing the expression of the recombinant proteins PI3K, PDK1, and Akt.
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Figure 5. Hsp90 inhibition induces FOXO3a- and Fas-dependent motor neuron apoptosis. (a) Motor neurons were cultured with trophic factors and incubated with or
without 0.5 nM geldanamycin alone or in combination with 1 ng/mL Fas:Fc (++) for 24 h before determine survival as described in Materials and Methods. The data were
analyzed using two-way ANOVA followed by Sidak’s multiple comparisons test. *P < 0.05 versus CTL. (b) Representative infrared Western blot for total FOXO3a and
FOXO3a phosphorylated at serine 253 [FOXO3a (S253)] in homogenates of motor neurons treated with 0.5 nM geldanamycin (GA) for 16 h. (c) Quantification of four
western blots showing FOX0O3a-S253 fluorescent intensities respect to total FOXO3a, the ratios were standardized between experiments using the values of control.
*P <0.001 vs. control. (d) Total relative expression of FOXO3a respect to GAPDH was calculated and standardized as described in (c). For (c) and (d) for all panels,
columns represent the mean + SD of the indicated number of independent experiments for each graphic, while the circles represent the individual values used to
calculate the mean and SD. (e) Motor neurons were transduced with adenoviral particles expressing luciferase under the control of fork head response element (FHRE)
and incubated for 24 h before treating the cultures with 0.5 nM geldanamycin for additional 16 h, at which time the luminescence was quantified. Bars represent the
mean =+ SD of five experiments performed in octuplicate. Circles are the mean of the replicates of each one of the independent experiments. *P < 0.01 vs. control. (f)
Motor neuron cultures used in (e) were stained with calcein. AM and the number of motor neurons were determined as described in material and methods. Bars
represent the mean £ SD of five experiments performed in octuplicate. Circles are the mean of the replicates from each one of the independent experiments. Statistical
analysis in (c), (d), (e) and (f) was performed using the unpaired t test. (g) Quantitative RT-PCR for Fas ligand normalized to f-actin. Motor neurons were cultured with
and without geldanamycin for the indicate times before total RNA was extracted and processed as described in materials and methods. Values are standardized to the
ratio Fas ligand to $-actin in motor neurons cultured without geldanamycin. Bars represent the mean + SD of four experiments performed in triplicate. Circles are the
mean of the independent experiments. *P < 0.001 vs. untreated, 3 and 6 h. By Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (h) Quantitative RT-
PCR for Fas receptor normalized to f-actin. Cultures and treatments were performed as described in (g).
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Figure 6. Inhibition of Hsp90 stimulates motor neuron apoptosis independently of p38 activation and the production of peroxynitrite. (a) Geldanamycin stimulates
caspase-dependent motor neuron death. Purified motor neurons were cultured in the presence of trophic factors and were treated without (TF) or with 0.5 nM
geldanamycin (TF+GA) and 50 pM of the following selective caspase inhibitors: NCTL (negative control), Z-VAD (pan caspase inhibitor), Z-DEVD (caspase 3), Z-IETD
(caspase 8), and Z-LEHD (caspase 9). Motor neuron survival was assessed by calcein-AM staining and normalized to motor neurons cultured in the presence of trophic
factors without treatment (TF-CTL). Statistical analysis was performed using two-way ANOVA followed by Bonferroni post hoc test, *P < 0.001 versus CTL, **P < 0.01
versus TF+GA CTL. (b) Geldanamycin stimulates p38-independent motor neuron apoptosis. Motor neurons were culture in the presence (CTL) and absence of trophic
factors (TFD) or in the presence of trophic factors or with trophic factor and 0.5 nM geldanamycin (GA). Each treatment was combined with inhibition of p38 MAPK
using the selective inhibitor SB203580 (5 uM). (c) Inhibition of nitric oxide production did not affect geldanamycin-stimulated motor neuron death. Motor neurons were
cultured as described in (b) in combination with the nitric oxide synthase inhibitor L-NAME (100uM). (d) Motor neuron death stimulated by geldanamycin was not
affected by scavenging of superoxide and peroxynitrite. Motor neurons were cultured as described in (b) in combination with superoxide and peroxynitrite scavengers
MnTBAP (50uM) or FeTCPP (50 uM). Trophic factor deprivation was included as a positive control for the treatments. Statistical analysis was performed using two-way
ANOVA followed by Bonferroni post hoc test, “P < 0.05 versus control, **P < 0.001 versus TFD. Columns represent the mean + SD of at least three independent
experiments. In all cases, motor neurons were incubated for 24 h with the treatments before survival was assessed by calcein-AM staining and normalized to control.

Table 2. EC5o of motor neurons treated with Fas:Fc.

ECso different from

Treatment ECs, (95% CI) Motor Neuron plus TF R?

Motor neuron plus TF + GA 0.6 nM (0.4 nM to 0.7 nM) 0.89
Motor neuron plus TF + GA + Fas:Fc 3.9nM (2.8 nM to 5.4 nM) P<0.0001 0.77
Motor neuron minus TF + GA 3.2nM (2.2 nM to 4.5 nM) P<0.0001 0.78
Motor neuron minus TF + GA + Fas:Fc 3.3nM (2.2 nM to 4.9 nM) P<0.0001 0.83
Motor neuron plus TF -+ radicicol 25 M (19 uM to 31 puM) 0.80
Motor neuron plus TF + radicicol 4 Fas:Fc 21 uM (18 puM to 24 uM) 0.93
Motor neuron minus TF + radicicol 21 uM (18 uM to 34 uM) 0.73
Motor neuron minus TF -+ radicicol + Fas:Fc 22 uM (18 uM to 25 uM) 0.82

Note: Cells were treated with geldanamycin (0 to 100 pM) with or without Fas:Fc (1 ng/mL) for 24 h. Similar conditions were used to incubate
motor neurons radiciol (0 to 10 mM). Cell survival was measured using calcein-AM staining as described in material and methods. Values

represent the mean and 95% CI of at least three independent experiments. Data were fit to a sigmoidal curve using Prism software
(Graphpad). The ECsp values were compared using the extra sum-of-squares F test.

cell death in motor neurons cultured with and without tro-
phic factor. Motor neurons were cultured with increasing
concentrations of geldanamycin and in the presence and
absence of trophic factors and Fas:FC. After blocking the
Fas pathway, there were no differences in the ECs, for gel-
danamycin induction of motor neuron death in the pres-
ence and absence of trophic factors (Table 2). In fact,
prevention of Fas activation shifted the ECsy of

geldanamycin toxicity for motor neurons cultured with tro-
phic factors to the same value observed in conditions of
trophic factor deprivation, which did not change in the
presence and absence of Fas:Fc (Table 2). In agreement
with these results, blocking the Fas pathways had no
effect on the ECsy for the induction of motor neuron
death by radicicol (Table 2). There results indicate that in
the presence of trophic factors, inhibition of a seemingly
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motor neuron specific pool of Hsp90 with low concentra-
tions of geldanamycin activates Fas-dependent motor
neuron death. While low geldanamycin concentrations
stimulate Fas-dependent motor neuron death, radicicol or
higher concentrations of geldanamycin trigger Fas-
independent motor neuron death both in the presence
and absence of trophic factors.

Discussion

Our results demonstrate that motor neuron survival in the
presence of trophic factors is dependent on the prevention
of ligand-independent activation of the P2X7 receptor by a
pool of Hsp90 with high affinity for geldanamycin. The
presence of the P2X7 receptor in neurons is controver-
sial.'*”” Although some reports fail to find the receptor in
spinal cord neurons, the presence of P2X7 receptor in brain
stem and spinal motor neuron was demonstrated by in situ
hybridization.'*”® Several different methods have been
used for the detection of the receptor, with the most
recent using a fusion protein, which allows the detection
of most P2X7 receptor isoforms.”® However, the receptor
has a number of splice variants making nearly impossible
to account for all variants with a single method."® The pres-
ence of the P2X7 receptor has been demonstrated in cul-
tured motor neurons by RT-PCR, Western Blot and in
functional studies.’>*® Our results show that three different
inhibitors and the down regulation of the P2X7 receptor
protect motor neurons from apoptosis stimulated by inhi-
bition of Hsp90, providing further support for the expres-
sion of the receptor in motor neurons.

The main difference between motor neurons that sur-
vive in the presence and absence of trophic factors is a par-
tial resistance to apoptosis mediated by the expression of
the FLICE-inhibitor protein (FLIP) in surviving motor neu-
rons.*® The 7-fold difference in the ECs, for the stimulation
of motor neuron apoptosis by geldanamycin in the pres-
ence and absence of trophic factors was abolished by treat-
ment of the cultures with the Fas-ligand decoy Fas:Fc,
revealing the activation of two distinct cell death mecha-
nisms by geldanamycin. One mechanism, activated by low
concentrations of geldanamycin, depends as a pre-requisite
on the presence of active trophic factor signaling pathways.
In these conditions, the inhibition of the PI3K/ Akt pathway
leads to activation of the Fas pathway and motor neuron
apoptosis. The second mechanism, at higher geldanamycin
concentrations, is independent of both trophic factor signal-
ing and the Fas pathway. In addition, these results suggest
that the Hsp90 pool with high affinity for geldanamycin is
motor neuron specific. This may indicate that P2X7 receptor
and Hsp90 form a protein complex that confers Hsp90
higher affinity for geldanamycin, and that this complex is
exclusive to motor neurons, because induction of cell death
in every other cell type tested required at least an order of
magnitude higher concentration of the inhibitor. An alter-
native explanation is that the pathway activated by inhibi-
tion of Hsp90 by low geldanamycin concentrations is
specific to motor neurons. The composition of the P2X7
receptor complex seems to be cell type dependent activat-
ing different signaling pathways in different cell

types.’®2%?* Our results showing the presence of a P2X7
receptor complex in motor neurons with a form of Hsp90
with high affinity for geldanamycin are in agreement with
previous reports suggesting that the P2X7 receptor forms a
complex with Hsp90 and at least other 11 other proteins,
which all evidence indicates is cell specific,'#2%%-%>

Phosphorylated Hsp90 modulates the activation of the
P2X7 receptor by its ligand ATP.?** The affinity of gelda-
namycin and ATP for Hsp90 depends on post-translational
modifications and the interaction with client proteins and
co-chaperones.””**Furthermore, post-translational modifi-
cations and co-chaperons affect also the affinity of Hsp90
for client proteins.”?”#*% The combination of post-
translational modifications and protein interactions of
Hsp90 in the P2X7 receptor complex in motor neurons
may provide the conditions that make the chaperone excep-
tionally sensitive to geldanamycin inhibition. In agreement
with these observations, Hsp90 associated to the P2X7
receptor complex seems to be particularly sensitive to inhi-
bition by geldanamycin but not by radicicol, another inhib-
itor of the ATPase activity of Hsp90 that differs in its
interaction with the ATP binding site.®®

One of the most important functions of Hsp90 as a
molecular chaperone is conferring cell protection during
conditions of stress. Interestingly, motor neurons have an
atypical heat shock response.*”®* In normal conditions,
heat shock factor 1 (HSF1) is kept in the cytoplasm by a
complex that includes Hsp90 and Hsp70.**° As a conse-
quence of protein unfolding that leads to a higher demand
for Hsp90, the complex dissociates releasing HSF1, which
migrates to the nucleus and activates the expression of pro-
teins associate with the stress response38'39 Motor neurons
have a high threshold for the activation of HSF1, which
leads to a deficient stress response due to differential reg-
ulation of multichaperone complexes.*****% We found
that concentrations of geldanamycin in the picomolar
range were sufficient to stimulate the death of purified
motor neurons in culture. In contrast, activation of the
heat shock response in motor neurons requires 20 to 200-
fold higher geldanamycin concentrations.*"”** The require-
ment of Hsp90 in the P2X7 receptor complex may explain
motor neurons high threshold and atypical stress response.
Because Hsp90 is needed to prevent the activation of P2X7
receptor, dependence of the stress response on removal of
the chaperone from protein complexes could result in
motor neuron death. In fact, this interpretation may also
provide an explanation for how unfolded proteins can
stimulate motor neuron death by promoting an aberrant
interaction with the Hsp90 pool highly sensitive to gelda-
namycin inhibition, thus removing the chaperone from the
P2X7 receptor complex. Such mechanism might be relevant
in ALS where Hsp90 is found in protein aggregates.®
This interpretation is further supported by the reported
protection provided by down-regulation of PTEN in
motor neurons from transgenic mice carrying ALS-liked
mutant SOD.*

Motor neurons are highly dependent on the supply of
trophic factors for survival both in culture and in vivo.”>*%%
The protection provided by trophic factors is mediated by
activation of the PI3K/Akt pathway. Indeed, motor



neurons are highly dependent on the activity of the PI3K/
Akt pathway and inhibition of this pathway stimulates
death by apoptosis.*>*>-*” PDK1 and Akt are known clients
of Hsp90. Hsp90 has the double function of preventing the
degradation of the activated kinase, and through the bind-
ing of co-chaperons participates in directing the kinases to
their targets.”>”! Inhibition of Hsp90 in motor neurons
down-regulated the PI3K/Akt pathway as determined by
decreased Akt phosphorylation. Consistent with this inter-
pretation, overexpression of constitutive active PDK1 and
Akt prevented motor neuron death induced by inhibition
of Hsp90. However, overexpression of the p110 constitutive
active catalytic subunit of the PI3K also prevented motor
neuron apoptosis induced by inhibition of Hsp90. To the
best of our knowledge, PI3K is not a client of Hsp90, sug-
gesting that Hsp90 inhibition is acting upstream of this
kinase. Inhibition of PTEN, a well-known down regulator
of the PIBK/Akt pathway has recently been shown to
improve motor neuron survival and function in cell culture
and in vivo models of motor neuron degeneration.®” %%
PTEN inhibits PDK1 activation by catalyzing the dephos-
phorylation of phosphatidylinositol 3,4,5 triphostate (PIP3)
to phosphatidylinositol 3,4 biphosphate (PIP2). Low levels
of PIP3 prevent the activation of PDK1, inhibiting the acti-
vation of Akt and its down-stream survival signaling.®®
PTEN is also activated downstream of the P2X7 receptor
in other cellular models.*>””" Our results show for the first
time the regulation of PTEN downstream of P2X7 receptor
in neurons. In addition, this is the first demonstration that
the P2X7 receptor stimulates cell death by inhibiting tro-
phic factor-activated survival pathways. The over-
activation of PI3K by transduction with a constitutively
active enzyme probably overwhelms the capacity of
PTEN to decrease the levels of PIP3, keeping the pathway
active and the motor neurons alive.

Trophic factor deprivation triggers Fas-dependent motor
neuron apoptosis through the activation of two different
pathways downstream of Fas receptor, a DAXX-dependent

p2x7/ ||r
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and a FADD-dependent pathway.*”" We have recently iden-
tified Hsp90 as a target for nitration by peroxynitrite. Nitrated
Hsp90 triggers motor neuron apoptosis through the activa-
tion of the FADD component of the Fas pathway that is inde-
pendent of peroxynitrite formation."> Activation of the DAXX
component of the pathway leads to peroxynitrite formation,
nitration of Hsp90, and subsequent activation of the FADD-
dependent pathway, inducing motor neuron apoptosis.'® The
results showed here support the notion that both nitrated
Hsp90 and inhibition of Hsp90 act downstream of peroxyni-
trite formation in the motor neuron death pathway. Both
pathways are mediated by P2X7 receptor and Fas activation.
However, there are significant differences between the mech-
anisms activated by inhibition of Hsp90 and nitrated Hsp90.
One very important difference between the two conditions is
that nitrated Hsp90 stimulates cell death by a gain-of-
function, while induction of motor neuron death by geldana-
mycin is due to the loss-of-function of a specific pool of
Hsp90. In spite of the differences, the requirement for P2X7
receptor activation in both conditions suggests that the inhi-
bition of the purine receptor by Hsp90 is key for motor
neuron survival. This inhibition seems to be easily perturbed
by post-translational modifications or inhibition of the chap-
erone, suggesting that nonspecific inhibition of Hsp90 would
be detrimental in therapeutic treatments of neurodegenera-
tive disease. Therefore, Hsp90 inhibitors that specifically
target the pool of Hsp90 with a gain-of-function leading to
cell death, such as nitrated Hsp90, while avoiding pro-
survival complexes of Hsp90 are critical for therapeutic suc-
cess in neurodegenerative diseases.

In summary, the results reveal that Hsp90 repression of
P2X7 receptor is critical to prevent motor neuron apoptosis
induced by activation of PTEN followed by inactivation of
Akt, dephosphorylation of FOXO3a, and expression of Fas
ligand (Figure 7). The requirement of Hsp90 in the P2X7
receptor complex may be the cause for the motor neuron
high threshold and atypical stress response. This atypical
stress response can be the cause of motor neuron
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Figure 7. Inhibition of Hsp90 induces motor neuron cell death via P2X7/PTEN dependent pathway.
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predisposition to degeneration in diseases such as spinal
and muscular atrophy and ALS.
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