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Abstract

Recently, we have reported that heat shock protein B1 (HSPB1) and purinergic receptor P2X7 (P2RX7) are involved in
astroglial autophagy (clasmatodendrosis), following status epilepticus (SE). However, the underlying mechanisms of
astroglial autophagy have not been completely established. In the present study, we found that the lacking of P2rx7
led to prolonged astroglial HSPB1 induction due to impaired mitogen-activated protein kinase 1/2 (MAPK1/2)-
mediated specificity protein 1 (SP1) phosphorylation, following kainic acid-induced SE. Subsequently, the upregulated
HSPB1 itself evoked ER stress and exerted protein kinase AMP-activated catalytic subunit alpha 1 (PRKAAT, AMPK1)/
unc-51 such as autophagy activating kinase 1 (ULK1)- and AKT serine/threonine kinase 1 (AKT1)/glycogen synthase
kinase 3 beta (GSK3B)/SH3-domain GRB2-like B1 (SH3GLB1)-mediated autophagic pathways, independent of
mechanistic target of rapamycin (MTOR) activity in astrocytes. These findings provide a novel purinergic suppression
mechanism to link chaperone expression to autophagy in astrocytes. Therefore, we suggest that P2RX7 may play an

important role in the regulation of autophagy by the fine-tuning of HSPB1 expression.

Introduction

Astrocytes regulate extracellular ion homeostasis,
brain—blood barrier, and energy metabolism that are
essential for neuronal survival and synaptic function'.
Because of reactive astrogliosis®, astrocytes are believed to
be resistant to harmful stresses. However, a growing body
of evidence demonstrates that astroglial damage occurs
before or after reactive astrogliosis in epilepsy™*, brain
ischemia®®, and Alzheimer’s disease’.

More than 100 years ago, Alzheimer reported irreversible
astroglial injury characterized by extensive swollen vacuo-
lized cell bodies and disintegrated/beaded processes, and
Cajal termed it as “clasmatodendrosis”. We have reported
that status epilepticus (SE, a continuous unremitting seizure
activity) evokes clasmatodendrosis, which is involved in the
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synchronous  epileptiform discharges”'*. Since clasmato-
dendritic astrocyte shows eosinophilic cytoplasm with
vacuolization and TUNEL-negativity, we had speculated that
clasmatodendrosis might be coagulative necrotic events'*'*,
Unexpectedly, we have found that vacuoles in clasmato-
dendritic astrocytes are lysosome-associated membrane
protein 1 (LAMPI)-positive, which is required for the
essential activation of autophagy”'”. Furthermore, blockade
of purinergic receptor P2X7 (P2RX7), an ATP-gated ion
channel'®, exacerbates clasmatodendrosis'”. Thus, we have
reported that clasmatodendrosis may be P2RX7-mediated
astroglial autophagy™®.

Heat shock protein B1 (HSPB1) is an inducible HSP
facilitating protein folding and removal of aberrant pro-
teins'®'®. After kainic acid (KA)- or pilocarpine (PILO)-
induced SE, HSPBI is prominently expressed in astro-
cytes, not in neurons®”*', Thus, HSPBI1 is a sensitive and
reliable representative marker of the early astroglial
energy-consuming events*?%, Interestingly, impaired
clearance of HSPBI reduces astroglial viability*>. Indeed,
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prolonged HSPB1 induction results in endoplasmic reti-
culum (ER) stress, and subsequently switches on astroglial
autophagy'”. However, it is still unknown how the sus-
tained HSPB1 expression turns on astroglial autophagy
and whether P2RX?7 is involved in this autophagic path-
way. In the present study, therefore, we investigate the
role of P2RX7 in HSPB1-mediated astroglial autophagy
and the downstream signaling pathways in this process.

Here we demonstrate for the first time that deletion or
blockade of P2RX7 results in the prolonged HSPB1
induction by impaired mitogen-activated protein kinase
1/2 (MAPK1/2)-mediated Spl transcription factor (SP1)
phosphorylation in astrocytes following KA injection. In
turn, sustained HSPB1 expression activates eukaryotic
translation initiation factor 2 subunit alpha (EIF2S1)/
activating transcription factor 4 (ATF4) pathway, which
accelerates protein kinase AMP-activated catalytic sub-
unit alpha 1 (PRKAA1, AMPK1)/unc-51 like autophagy
activating kinase 1 (ULKI)-mediated autophagy. Pro-
longed HSPB1 induction also exerts AKT serine/threo-
nine kinase 1 (AKT1)/glycogen synthase kinase 3 beta
(GSK3B)/SH3-domain GRB2-like B1 (SH3GLB1)-medi-
ated autophagic pathway, independent of phosphatidyli-
nositol 3-kinase (PIK3) activity. Mechanistic target of
rapamycin (MTOR) is not involved in these two distinct
pathways. Therefore, we suggest that P2RX7 may be one
of the fundamental regulators for astroglial autophagy via
the fine-tuning of HSPB1 expression.

Results
P2rx7 deletion evokes prolonged astroglial HSPB1
induction and astroglial autophagy without change in
seizure susceptibility in response to KA

First, we evaluated the seizure susceptibilities of P2rx7"™
* wild-type (WT) and P2rx7 " /= (KO) mice in responses
to PILO and KA, because HSPB1 induction correlated to
the degree of seizure activity>'. Consistent with our pre-
vious study'®, KO mice showed seizure activity in
response to subconvulsive dose (200 mg/kg) of PILO to
WT animals (Supplementary Figure 1A-B). A single dose
of 350 mg/kg-PILO injection effectively induced SE in
WT mice, while it was lethal to KO mice (Supplementary
Figure 1A-B). Due to the higher dose of PILO, the total
power of EEG during SE in WT mice was larger than that
observed in KO mice (p < 0.05; Supplementary Figure 1B).
However, astroglial HSPB1 and LAMP1 expressions in
KO mice were higher than those in the WT mice 7 days
after SE (p <0.05; Supplementary Figure 1C-D). These
findings indicate that P2rx7 deletion may promote
astroglial HSPB1 induction and autophagy, irrelevant to
PILO-induced seizure severity.

Consistent with our previous report'®, the present data
demonstrates no difference in KA-induced seizure activity
between WT and KO mice (Fig. 1a). Three days after SE,
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both WT and KO mice showed the upregulation of Hspb1
mRNA expression in the hippocampus. However, Hspbl
mRNA level in the KO mice was higher than that in WT
mice (p < 0.05; Fig. 1b). Seven days after SE, Hspb1 mRNA
expression was reduced in both the groups (p <0.05 vs.
3 days after SE, respectively; Fig. 1b), but its expression
was still higher in the KO mice than in the WT mice (p <
0.05; Fig. 1b). HSPB1 protein level in KO mice was also
higher than that observed in WT mice 3 and 7 days after
SE (p<0.05, respectively; Fig. 1c—e). Prolonged HSPB1
expression was observed in astrocytes, not in neurons,
microglia, or oligodendroglia (Supplementary Figures 2A,
3A-B, 4A-C). P2rx7-deleted astrocytes showed the pro-
longed HSPB1 induction after KA injection, as compared
to WT astrocytes (p < 0.05; Fig. 1f-h). Together with the
data obtained from PILO injection, our findings suggest
that P2rx7 deletion may result in prolonged HSPB1
induction, independent of seizure activity.

LAMP1 is important for the autophago-lysosomal
pathway®*~2°, Thus, we investigated whether P2rx7 dele-
tion affects LAMP1 expression in the hippocampus fol-
lowing KA injection. Seven days after KA injection,
LAMP1 expression was upregulated in KO mice, not in
WT mice (p<0.05, Fig. 1c—e). P2rx7-deleted astrocytes
also showed the increased LAMP1 expression after KA
injection (»p<0.05 vs. WT astrocytes; Fig. 1f-h). KA
upregulated astroglial LAMP1 expression in KO mice was
more than WT mice (Fig. 1i and Supplementary Fig-
ures 2B, 3, 4). These findings indicated that P2rx7 deletion
may evoke the persistent HSPB1 induction, which exerts
astroglial autophagy without changed seizure suscept-
ibility in response to KA.

To confirm the role of P2RX7 in HSPB1 and LAMP1
expressions, we applied P2RX7 agonist (BzATP) and
antagonists (OXATP and A740003) to WT mice. Seven
days after KA injection, BZATP reduced HSPB1 induc-
tion, while P2RX7 antagonists elevated HSPB1 and
LAMP1 expressions (p<0.05 vs. vehicle, respectively;
Supplementary Figure 5A-B). Furthermore, BzATP
induced astroglial apoptosis 7 days after KA injection (p <
0.05 vs. vehicle; Supplementary Figure 5C-D), while the
vehicle and A740003 did not (Supplementary Figure 5C-
D). These findings suggest that P2RX7 inhibition may
accelerate HSPB1 induction and autophagy, while P2RX7
activation may induce apoptosis in astrocytes accom-
panied by reduction in HSPB1 expression.

Prolonged HSPB1 induction promotes ER stress-mediated
autophagy in P2rx7-deleted astrocytes

ER stress activates versatile ER sensor proteins including
eukaryotic translation initiation factor 2 alpha kinase 3
(EIF2AK3), endoplasmic reticulum to nucleus signaling 1
(ERN1), and activating transcription factor 6 (ATF6)%.
Furthermore, EIF2AK3/EIF2S1/ATF4 pathway mediates
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compared to WT animals (see also supplementary Figure 1)

Fig. 1 Effect of P2rx7 deletion on HSPB1-mediated autophagy in response to KA. a Effect of P2rx7 deletion on seizure susceptibility in response
to KA. P2rx7 deletion does not affect the seizure susceptibility in response to KA. (Left panel) Representative EEG traces and frequency-power spectral
temporal maps. (Right panel) Quantification of SE induction, latency, and total EEG power in response to KA. Open circles indicate each individual
value. Horizontal bars indicate mean value. Error bars indicate SEM (n =7, respectively). b Effect of P2rx7 deletion on Hspbl mRNA expression in
response to KA. P2rx7 KO mice show the higher Hspb1 mRNA expression following KA injection, as compared to WT animals (*7p < 0.05 vs. WT mice
and 3 days after SE, respectively; n =7, respectively). c—e Effect of P2rx7 deletion on SE-induced HSPB1 and LAMP1 expressions in the whole
hippocampus. As compared to WT mice, both HSPBT and LAMP1 expression levels are higher in KO mice. ¢ Representative western blot of HSPB1
and LAMP1. Cont control animals, KA/3D 3 days post KA injected in animals, KA/7D 7 days post KA injected in animals. d-e Quantifications of HSPB1
and LAMP1 expressions following KA injection (**p < 0.05 vs. WT mice and 3 days after SE, respectively; n = 7, respectively). f-h Effect of P2rx7
deletion on SE-induced HSPB1 and LAMP1 protein expressions in purified astrocytes. As compared to WT astrocytes, both HSPB1 and LAMP1
expression levels are higher in P2rx7-deleted astrocytes. f Representative western blot of HSPB1 and LAMP1. g-h Quantifications of HSPB1 and
LAMP1 expressions following KA injection (*p < 0.05 vs. WT mice and 3 days after SE, respectively; n = 7, respectively). i Representative photos
demonstrating astroglial LAMP1 expression in the KO mouse hippocampus 7 days after KA injection. P2rx7 deletion increases LAMP1 expression, as

autophagy through ATF4-driven transcriptional regulation
of Atg genes including autophagy-related 12 (Azgl2) and
microtubule-associated proteins 1A/1B light chain 3B
(MAP1LC3B)**7°, In the present study, P2rx7 deletion
significantly increases phospho (p)-EIF2AK3, p-EIF2S1,
and ATF4 levels in the hippocampus after KA injection (p
<0.05 vs. WT mice, respectively; Fig. 2a—b). P2rx7 deletion
also elevates the expression levels of ATG12, ATG5-
ATGI12, and MAP1LC3B 7 days after KA treatment (p <
0.05 vs. WT mice, respectively; Fig. 2a—b). P2rx7-deleted
astrocytes also revealed the upregulations of p-EIF2AK3,
p-EIF2S1, ATGI12, ATG5-ATG12, and MAPILC3B
expressions 7 days after KA treatment (p <0.05 vs. WT
astrocytes, respectively; Fig. 2a, c). However, P2rx7 dele-
tion did not affect p-ERN1, DNA damage inducible tran-
script 3, and ATF6 levels (Supplementary Figure 6A-B).
Hspbl siRNA effectively abolished the upregulations of
HSPB1, pEIF2AK3, p-EIF2S1, ATF4, ATG12, ATGS5-
ATG12, and LAMP1 expression in the KO mouse hip-
pocampus and P2rx7-deleted astrocytes 7 days after SE (p
<0.05 vs. control siRNA; Fig. 3a—c). Immunostaining
revealed that HsplB siRNA attenuated the upregulations
of HSPB1, ATF4, and LAMP1 expression in astrocytes
within the KO mouse hippocampus after KA injection (p
< 0.05 vs. control siRNA, respectively; Fig. 3d, e). Thus, our
findings suggest that P2rx7 deletion may result in HSPB1-
mediated ER stress and subsequently turn on astroglial
autophagy via EIF2AK3/EIF2S1/ATF4 signaling pathway.

P2rx7 deletion promotes ULK1-mediated autophagy
independent of MTOR

ULK1 is one of the core machinery of initiation of
autophagy, which is reversely regulated by MTOR and
PRKAA1 kinase: PRKAAL1 activates autophagy via ULK1-
S555 site phosphorylation, while MTOR inhibits autop-
hagy by reducing ULK1 kinase activity through the ULK1-
S757 site phosphorylation®’. In the present study, KA
does not affect ULK1 and PRKAA1 expressions and their
phosphorylations in the WT mouse hippocampus until
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7 days after KA treatment (Supplementary Figure 7A-C).
However, P2rx7 deletion increases phosphorylation levels
of PRKAA1 and ULK1-S555 (not ULK1-S757) 7 days after
KA treatment (p<0.05 vs. WT mice; Supplementary
Figure 7A-E). These findings indicate that P2rx7 deletion
may increase PRKAA1-mediated ULK1 activity following
KA injection. Although, Hspb1 knockdown did not affect
expression/phosphorylation levels of ULK1 and PRKAA1
in the control KO animals (Supplementary Figure 8A-C),
it significantly attenuated ULK1-S555 phosphorylation,
accompanied by abolished PRKAA1 activity in the KO
mouse hippocampus and P2rx7-deleted astrocytes 7 days
after KA injection (p <0.05 vs. control siRNA, respec-
tively; Fig. 4a—c). Compound ¢ (Comp C, a PRKAA1
inhibitor) also diminished ULK1-S555 phosphorylation in
the KO mouse hippocampus and P2rx7-deleted astrocytes
after KA injection (p<0.05 vs. vehicle, respectively;
Fig. 4d—f). Both Hspb1 siRNA and Comp C prevented SE-
induced ULK1-S555 phosphorylation in astrocytes (Sup-
plementary Figures 9 A-C). These findings suggest that
prolonged HSPB1 expression by P2rx7 deletion may
accelerate PRKAA1/ULK1-mediated astroglial autophagy
following KA injection.

Next, we examined the activities of MTOR and MTOR
regulators such as PIK3, phosphatase and tensin homolog
(PTEN)?*2. MTOR expression and MTOR-52448 (not-
§$2481) phosphorylation were similarly reduced in the
hippocampi of both WT and KO mice 3 days after KA
injection (p < 0.05 vs. control, respectively; Supplementary
Figure 10A-C). Seven days after SE, MTOR expression,
and MTOR-S52448 phosphorylation recovered to control
levels in both WT and KO mice. Expression/phosphor-
ylation level of ribosomal protein S6 kinase beta-1
(RPS6KB1, a MTOR substrate) and PTEN were unal-
tered in both WT and KO mice (Supplementary Fig-
ure 10A-C). However, PIK3-Y458 phosphorylation level
was similarly reduced in both WT and KO mice (p < 0.05
vs. control; Supplementary Figures 10A,C). Since PIK3
inhibits MTOR activity by AKT1/AKT1 substrate 1
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Fig. 2 KA-induced ER stress and autophagy. a Representative western blot of ER stress- and autophagy-related molecules in the whole

hippocampus (Left panels) and isolated astrocytes (Right panels). P2rx7 deletion induces ER stress and autophagy following KA injection. Cont control

animals, KA/3D 3 days post KA injected in animals, KA/7D 7 days post KA injected in animals. b—c Quantifications of ER stress-related molecules in the

whole hippocampus (b) and isolated astrocytes (c) following KA injection. Open circles indicate each individual value. Horizontal bars indicate mean
L value. Error bars indicate SEM (**p < 0.05 vs. control and WT mice, respectively; n =7, respectively)
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Fig. 3 Effect of Hspb1 knockdown on HSPB1-mediated astroglial ER stress and autophagy in the whole KO hippocampus and P2rx7-
deleted astrocytes. Hspb1 siRNA abrogates ER stress and autophagy in the whole KO hippocampus and P2rx7-deleted astrocytes. a Representative
western blot of ER stress- and autophagy-related molecules in the whole hippocampus (Left panels) and isolated astrocytes (Right panels) 7 days
after KA injection (KA/7D). b—c Quantifications of ER stress-related molecules in the whole hippocampus (b) and isolated astrocytes (c) following KA
injection. Open circles indicate each individual value. Horizontal bars indicate the mean value. Error bars indicate SEM (*p < 0.05 vs. control SiRNA; n =
7, respectively). d Representative photos demonstrating astroglial HSPB1, ATF4, and LAMP1 expression in the KO mouse hippocampus 7 days after KA
injection. e Quantifications of effect of HspbT siRNA on astroglial ER stress and autophagy (*p < 0.05 vs. control siRNA; n =7, respectively)
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Fig. 4 Effect of Hspb1 knockdown and Comp C on ULK1-meidated astroglial autophagy in the whole KO hippocampus and P2rx7-deleted
astrocytes following KA injection. a Representative western blot for the effect of Hspb1 knockdown on ULK1-related molecules in the whole
hippocampus (Left panels) and isolated astrocytes (Right panels). Hspb1 siRNA decreases ULK1-5555 and PRKAA1-T173 phosphorylations without
altering their expressions 7 days after KA injection (KA/7D). b—c Quantifications of effect of HspbT knockdown on ULK1-related molecules in the
whole hippocampus (b) and isolated astrocytes (c). Open circles indicate each individual value. Horizontal bars indicate mean value. Error bars
indicate SEM (*p < 0.05 vs. control siRNA; n =7, respectively). d Representative western blot for the effect of PRKAAT inhibition on ULK1-related
molecules in the whole hippocampus (Left panels) and isolated astrocytes (Right panels). As compared to vehicle (Veh), Comp C inhibits ULK1-S555
phosphorylation without altered its expression 7 days after KA injection. e—f Quantifications of effect of Hspb1 knockdown on ULK1-related molecules
in the whole hippocampus (e) and isolated astrocytes (f) (*p < 0.05 vs. control SiRNA; n =7, respectively)
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(AKT1S1)®, we verified whether the reduced PIK3
phosphorylation influences AKT1 and AKT1S1 activities.
In the present study, KA does not affect AKT1 and
AKT1S1 expressions in the hippocampi of both WT and
KO mice (Supplementary Figures 7A-E and 10A-C). In
KO mouse, hippocampus, and P2rx7-deleted astrocytes,
however, KA increased AKT1-S473 (not-T308 and -T450)
phosphorylation (p <0.05 vs. WT mice and WT astro-
cytes, respectively; Supplementary Figures 7A-E and 10A-
C). These findings suggest that P2rx7 deletion may facil-
itate PRKAA1/ULK1l-mediated astroglial autophagy,
independent of MTOR.

P2rx7 deletion induces SH3GLB1-mediated autophagy by
the enhanced AKT1-5S473 phosphorylation

Unexpectedly, we found that P2rx7 deletion increased
PIK3-independent AKT1-S473 phosphorylation after KA
treatment (Supplementary Figures 7A-E and 10A-C).
HSPBI increases AKT1-S473 phosphorylation, and ATK1
exerts MTOR independent autophagy by regulating
GSK3B-mediated SH3GLB1 accumulation®*2¢, There-
fore, it is likely that prolonged HSPB1 induction by P2rx7
deletion will also evoke astroglial autophagy by AKT1/
GSK3B/SH3GLB1 cascade. In the present study, P2rx7
deletion increases GSK3B-S9 phosphorylation (indicating
the reduced GSK3B activity) and SH3GLB1 expression in
the hippocampus and purified astrocytes after KA treat-
ment (p < 0.05 vs. WT mice, respectively; Supplementary
Figure 10A-E). Hspbl knockdown and 3-chloroacetyl
indole (3CAIL an AKT1 inhibitor) mitigate the increases in
GSK3B phosphorylation and SH3GLB1 expression in the
KO mouse hippocampus and P2rx7-deleted astrocytes
after KA injection (p < 0.05 vs. control siRNA and vehicle,
respectively; Fig. 5a—f; Supplementary Figure 8A-C; Sup-
plementary Figure 12A-C). Therefore, our findings indi-
cate that prolonged HSPB1 induction by P2rx7 deletion
may also accelerate astroglial autophagy via AKT1/
GSK3B/SH3GLB1 pathway.

P2rx7 deletion induces prolonged HSPB1 expression by
reduction in MAPK1/2-mediated SP1 phosphorylation
The remaining question is how P2rx7 deletion results in
prolonged HSPB1 expression in astrocytes. AKT1
increases HSPB1 transactivation by inhibiting GSK3B-
mediated heat shock transcription factor 1 (HSF1) phos-
phorylation®”. Therefore, it is likely that AKT1-S473
phosphorylation will be involved in the positive feedback
loop for the prolonged HSPB1 induction. However, there
is no difference in HSF1 expression/phosphorylation in
the hippocampus between WT and KO mice following
KA injection (Fig. 5d—f and Supplementary Figure 11F-G).
Furthermore, 3CAI does not alter HSPB1 expression and
HSF1 phosphorylation in KO mice after KA treatment
(Fig. 5d—f). These data indicate that P2rx7 deletion may
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not induce HSF1-mediated HSPB1 transactivation fol-
lowing KA injection.

HSPBI expression relies on SP1 binding to its promoter
region®®*, MAPK1/2-mediated SP1-T739 phosphorylation
inhibits HSPB1 transactivation by reducing the SP1 DNA-
binding ability and regulates optimal HSP responses™*,
Interestingly, P2RX7 activation increases MAPK1/2 phos-
phorylation™, which inhibits HSPBI expression®. These
reports provide the possibility that P2RX7 may play a role in
the inhibition of HSPB1 expression via MAPK1/2-mediated
SP1-T739 phosphorylation. In the present study, KA sig-
nificantly decreases SP1-T739 phosphorylation within the
hippocampi of both WT and KO mice 3 and 7 days after KA
injection (p < 0.05 vs. control, respectively; Fig. 6a—b). Seven
days after SE, SP1 phosphorylation was reduced in the KO
mice more than in WT mice (p < 0.05; Fig. 6a—b). Similarly,
SP1 phosphorylation level in P2rx7-deleted astrocytes was
lower than that observed in WT astrocytes (p < 0.05; Fig. 6a,
¢). Mithramycin A (MMA, a SP1 DNA-binding transcrip-
tional inhibitor) effectively inhibited the prolonged HSPB1
induction, EIF2S1 phosphorylation, PRKAA1/ULK1- and
AKT1/GSK3B/SH3GLB1 signaling pathways in the KO
mouse hippocampus and P2rx7-deleted astrocytes after KA
treatment (p < 0.05 vs. vehicle, respectively; Fig. 6d—f). MMA
obviously prevented the upregulation of HSPB1 and LAMP1
expression in astrocytes within the KO mouse hippocampus
after KA treatment (Supplementary Figure 13A-B). Similar to
SP1-T739 phosphorylation, MAPK1/2 phosphorylation level
was reduced in the WT mouse hippocampus and WT
astrocytes 3 days after KA treatment (p <0.05 vs. control,
respectively; Fig. 6a—c), and recovered to the control level
7 days after SE (Fig. 6a—c), while P2rx7 deletion did not (p <
0.05 vs. WT mice and WT astrocytes, respectively; Fig. 6a—c).
These findings indicate that P2rx7 deletion may evoke pro-
longed HSPB1 induction due to the impaired MAPK1/2-
mediated SP1-T739 phosphorylation. Indeed, U0126 (a
MAPK1/2 inhibitor) led to prolonged HSPB1 induction,
exerted EIF2S1 phosphorylation, and activated PRKAA1/
ULK1- and AKT1/GSK3B/SH3GLB1-mediated astroglial
autophagy in the WT mouse hippocampus and astrocytes,
accompanied by reduced SP1-T739 phosphorylation after
KA injection (p<0.05 vs. vehicle, respectively; Fig. 7a—d).
Therefore, our findings suggest that P2rx7 deletion may
provoke HSPB1-induced astroglial autophagy via impaired
MAPK1/2-mediated SP1-T739 phosphorylation.

Discussion

The major novel finding in the present study is that
P2rx7 deletion led to prolonged HSPB1 induction, which
facilitated astroglial autophagy via two different signaling
pathways following KA injection (Fig. 8).

Recently, we have reported that sustained HSPB1
expression triggers astroglial autophagy in the rat PILO-
induced SE model'>. Indeed, HSPBI activates the
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autophagy-lysosomal pathway in abnormal astrocytes
containing Rosenthal fibers*®. In the present study, P2rx7
deletion and P2RX7 antagonists leads to prolonged
HSPB1 induction with enhanced LAMP1 expression in
astrocytes following KA-induced SE. P2rx7 deletion also
exerts upregulations of ATG5-ATG12, ATGI12, and
MAPILC3B expression in astrocytes, which is effectively
abrogated by Hspb1 knockdown. In contrast, BZATP leads
to astroglial apoptosis in WT mice accompanied by
reduced HSPB1 expression following SE. Since autophagy
inhibits astroglial apoptosis®***~*°, our findings indicate
that prolonged HSPB1 induction by P2rx7 deletion may
lead to astroglial autophagy following KA injection.
P2rx7 deletion and pharmacological blockade of P2RX7
increase the seizure susceptibility in response to PILO
(not KA)'®*, The present study also reveals that KO mice
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showed seizure activity in response to subconvulsive dose
of PILO to WT animals, and a lethal dose of PILO to KO
mice effectively induced SE in WT mice. Therefore, we
could not directly compare the effects of PILO-induced
seizure activity on astroglial autophagy and HSPBI1
induction between WT and KO mice. However, astroglial
HSPB1 and LAMPI1 expressions in KO mice were higher
than those in WT mice, although the total power of EEG
during SE in WT mice was larger than that in KO mice
following PILO injection. Furthermore, KA upregulated
HSPB1 and LAMP1 expressions in KO mice more than in
WT mice without changed seizure susceptibility. In con-
trast to the present and our previous report16, Engel and
his colleagues have reported that P2rx7 deletion or P2RX7
antagonism attenuated the seizure severity induced by
intra-amygdala KA injection®®. If P2RX7 have pro-
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(*p < 0.05 vs. vehicle; n =7, respectively)

Fig. 6 MAPK1/2-SP1-HSPB1-mediated astroglial autophagy in KO mice following KA injection. a Representative western blot of MAPK1/2 and
SP1 expression, and their phosphorylations in the whole hippocampus (Left panels) and isolated astrocytes (Right panels). As compared to WT mice,
KA injection reduced MAPK1/2 and SP1-T739 phosphorylations in KO mice without altered their expressions 7 days after SE. Cont control animals, KA/
3D 3 days post KA injected in animals, KA/7D 7 days post KA injected in animals. b—c Quantifications of MAPK1/2 and SP1 expressions, and their
phosphorylations in the whole hippocampus (b) and isolated astrocytes (c). Open circles indicate each individual value. Horizontal bars indicate mean
value. Error bars indicate SEM (%"p < 0.05 vs. control and WT mice, respectively; n = 7, respectively). d Representative western blot of the effect of SP1
inhibition on PRKAAT- and AKT1-mediated autophagy in the whole KO mouse hippocampus (Left panels) and P2rx7-deleted astrocytes (Right panels).
As compared to vehicle (Veh), Mithramycin A (MMA) effectively inhibits PRKAAT- and AKT1-mediated signaling pathways following KA injection. e-f
Quantifications of the effect of MMA on PRKAA1- and AKT1-mediated signaling pathways in the whole hippocampus (e) and isolated astrocytes (f).

convulsive effect in response to KA, prolonged HSPB1
induction would be observed in WT mice rather than KO
mice in the present study. Regardless of the pro- or anti-
convulsive role of P2RX7, our findings indicate that P2rx7
deletion may result in prolonged HSPBI1 induction,
independent of seizure activity.

P2RX7 stimulates the release of autophagolysosomes/
phagolysosomes from the microglia®®. Astrocytes also
release HSPB1°°, and impaired clearance of HSPB1
decreases astroglial viability>>. Thus, the increased HSPB1
protein level induced by P2rx7 deletion would be inter-
preted as the consequence from dysfunction of HSPB1
release from astrocytes. In the present study, however,
P2rx7 deletion increased Hspbl mRNA and its protein
level. Although it does not exclude the possibility that
decreased HSPB1 degradation could also contribute to the
elevated HSPB1 expression, our findings indicate that
P2rx7 deletion may increase astroglial HSPB1 protein
level via enhanced Hspbl mRNA transcription.

P2RX7 activates MAPK1/2**°"*?, which inhibits HSPB1
expression via SP1-T739 phosphorylation®>**>*?, In the
present study, P2rx7 deletion reduces MAPK1/2 and SP1
phosphorylations after KA injection. However, P2rx7
deletion facilitates EIF2AK3/EIF2S1/ATF4 signaling
pathway in response to KA, which is attenuated by Hspb1
siRNA and MMA. Since this signaling pathway replen-
ishes the autophagosome-associated protein pool to allow
cells to induce autophagy”**°, prolonged HSPB1 induc-
tion due to impaired P2RX7-MAPK1/2 pathway may
trigger ER stress-mediated astroglial autophagy. Indeed,
U0126 results in KA-induced persistent HSPB1 expres-
sion and facilitates astroglial autophagy in WT mice.
Therefore, our findings suggest that P2RX7-MAPK1/2-
SP1 signaling axis may play an important role in the
regulation of an optimal astroglial HSPB1 expression.

PRKAA]1 is a key player in maintaining energy homeostasis
in response to cellular stress. Reduced ATP level activates
PRKAAL1 by T172 phosphorylation and promotes autophagy
via MTOR phosphorylation. In addition, PRKAA1 directly
activates autophagy by ULK1 phosphorylation in response to
fluctuations in the AMP:ATP ratio®®*”. In the present study,
P2rx7 deletion activates PRKAA1/ULK1-mediated astroglial
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autophagy independent of MTOR following KA treatment,
which is abrogated by HspbI knockdown. Upregulation of
HSPBI is an indicative of increase in energy consumptionzl,
and ER stress-induced EIF2AK3/EIF2S1/ATF4 activation
causes ATP depletion and PRKAA1 activation®®, There-
fore, the energy-deficient condition by prolonged HSPB1
induction may directly lead to PRKAA1/ULK1-mediated
astroglial autophagy, independent of MTOR.

In the present study, KA cannot change the phosphoryla-
tions of PIK3, AKT1-T308, AKT1-T450, AKT1S1, MTOR,
and RPS6KBI in both WT and KO mice. Unexpectedly, we
found that P2rx7 deletion-induced PIK3-independent AKT1-
S473 phosphorylation after KA treatment, which was abol-
ished by Hspb1 knockdown. AKT1 is one of the downstream
targets of PIK3, which phosphorylates AKT1S1 and relieves
AKT1S1-mediated MTOR inhibition®®. However, PIK3-
independent AKT1 activation has been also reported® .
Indeed, HSPB1 increases AKT1-S473 phosphorylation by an
unknown mechanism®>*°, Furthermore, HSP1B forms a
complex with AKT1 and maintains its activity® .
Although, it is unclear that HSP1B is an indispensable factor
for AKT1 activation in the present study, it is likely that
HSP1B may change the conformation of AKT1 for its acti-
vation upon stress stimulation.

Since AKT1 phosphorylation is regulated by P2RX7-
mediated PTEN activation®’, P2rx7 deletion would affect
PTEN-mediated AKT1 activity, independent of HSPB1
expression and PIK3 activity. However, we found that
P2rx7 deletion did not affect PTEN expression/phos-
phorylation following KA injection. Therefore, our find-
ings indicate that P2rx7 deletion-induced AKT1
activation may be divergent from PIK3- or PTEN-
mediated pathway. Analyses of the precise nature of
AKTT1 activation and its putative kinases will be helpful to
understand the mechanism of AKT1-mediated autophagy
and the role of HSP1B-AKT1 interaction.

SH3GLB1 is involved in GSK3B inhibitor-induced
autophagic response®®, since SH3GLB1 modulates
autophagy by regulating autophagosome formation®,
Considering GSK3B-S9 phosphorylation by AKT1%, it is
likely that P2rx7 deletion-mediated AKT1-S472 phos-
phorylation may also activate astroglial autophagy after
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Fig. 8 Scheme of inhibitory role of P2RX7 in astroglial autophagy
induced by KA injection. After SE, P2RX7 activation inhibited HSPB1
transactivation via MAPK1/2-mediated SP1-T739 phosphorylation.
However, P2rx7 deletion or its antagonists impaired this inhibitory
signaling pathway, which led to sustained HSPB1 expression and ER
stress. Subsequently, ER stress activated PRKAAT/ULK1-mediated
astroglial autophagy. Sustained HSPB1 expression also exerted AKT1/
GSK3B-mediated SH3GLB1 accumulation, which triggered astroglial
autophagy. Thus, P2RX7 regulated ER stress and autophagy by the
fine-tuning of HSPB1 expression in astrocytes

KA injection. Indeed, P2rx7 deletion reduced GSK3B
activity and upregulated SH3GLB1 expression in astro-
cytes after KA treatment, which were reversed by Hspbl
knockdown and 3CAI Therefore, our findings indicate
that P2rx7-deletion-mediated prolonged HSPBI1 induc-
tion may also promote AKT1/GSK3B/SH3GLB1 autop-
hagic pathway.

In conclusion, the present study provides novel purinergic
signaling pathways that regulate ER stress and autophagy in
astrocytes following KA injection (Fig. 8). P2rx7 deletion
impaired MAPK1/2 phosphorylation and increased SP1-
mediated HSPB1 transactivation after KA injection, which
developed ER stress. ATP depletion induced by ER stress
and persistent HSPB1 expression triggered astroglial
autophagy via PRKAA1/ULK1 and AKT1/GSK3B/
SH3GLBI1 cascades. Therefore, our findings suggest that
P2RX7 may play an inhibitory role in the regulation of ER
stress and autophagy in astrocytes by the fine-tuning of
HSPBI1 expression under pathophysiological conditions.

Methods
Experimental animals and chemicals

We used male C57BL/6] (P2rx7"") and P2rx7 "~ mice
(60- to 90-day-old, 25-30g, The Jackson Laboratory,
USA) in the present study. Animals were given a com-
mercial diet and water ad libitum under controlled con-
ditions (22°C +2°C, 55% + 5% humidity, and 12-h light/
12-h dark cycle). Animal protocols were approved by the
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Institutional Animal Care and Use Committee of Hallym
University (Chuncheon, Korea). All reagents were
obtained from Sigma-Aldrich, unless otherwise indicated.
Supplementary table 1 is a list of the primary antibodies
used in the present study.

Seizure induction and infusions of drug and siRNA
oligonucleotide

Mice were given a single dose of KA (25 mg/kg, i.p.) or
PILO (200 and 350 mg/kg, i.p.)'®. To reduce peripheral
cholinergic effects, scopolamine methylbromide (2 mg/kg,
i.p.) was administered 20 min before PILO. As controls,
mice were treated with saline, instead of KA or PILO™.
Two hours after KA or PILO injection, animals received
diazepam (10 mg/kg, i.p.) to terminate seizures. Two days
after KA injection, mice were anesthetized with Isoflurane
(1-2% in O, and N,O) and placed in a stereotaxic frame.
Each animal was implanted with a brain infusion kit 3
(Alzet, USA) inserted into the lateral cerebral ventricle
1.0 mm lateral to the bregma and connected to an Alzet
osmotic minipump (model 1007D, USA) containing each
compound or siRNA; vehicle, BZATP (a P2RX7 agonist, 5
mM), OxATP (a P2RX7 antagonist, 5 mM), A740003 (a
P2RX7 antagonist, 10 uM, Santa Cruz Biotechnology
Inc.), Comp C (100 nM), 3CAI (25 uM), MMA (25 uM),
U0126 (25 uM), mouse Hspbl siRNA (Sense, 5'- AAUA
AAAGUUGCAAGCUACUU-3’; antisense, 5'-GUAGCU
UGCAACUUUUAUUUU-3'); or a nonsilencing (control)
RNA. The doses of drugs and siRNA were chosen based
on our previous and preliminary studies, indicating that
administration of up to the chosen dose was well toler-
ated, and no signs of neurotoxicity (hind-limb paralysis,
vocalization, food intake, or neuroanatomical damage)
were observed.

Electrophysiology

Under Isoflurane anesthesia (1-2% in O, and N,O),
animals were stereotaxically implanted with a monopolar
electrode into the left dorsal hippocampus (—2.0 mm
posterior, 1.5 mm lateral, 2.0 mm depth). Three days after
surgery, mice were given a single dose of KA or PILO
aforementioned after establishing a stable baseline for at
least 30 min. EEG signals were acquired using LabChart
Pro v7 (AD Instruments, NSW, Australia), and latency or
seizure onset and total power were measured from each
animal'®,

Astroglial isolation

In a preliminary study, we had found that the amount of
isolated astrocytes obtained from the bilateral hippocampi
of a mouse was not enough for western blot. Thus, we
used the bilateral cerebral cortices of an individual mouse
to purify the astrocytes. Mice were anesthetized and
decapitated. Bilateral cerebral cortices were removed and
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dissociated with adult brain dissociation kit (Miltenyi
biotec, Germany, #130-107-677), according to the man-
ufacturer’s protocol. Thereafter, astrocytes were isolated
with anti-astrocyte specific cell surface antigen 2 (ACSA-
2) kit (Miltenyi biotec, Germany, #130-097-678), accord-
ing to the manufacturer’s guidelines. Briefly, up to 10°
dissociated cells were suspended in 150 ul 0.5% BSA in
PBS buffer and incubated with ACSA-2 microbeads for
25 min at 4°C. Then, the cells were applied to a MS col-
umn fitted in a magnetic cell separator. Following column
removal from the magnetic separator, astrocytes were
eluted in 1.5 ml buffer.

Western blot

At designated time window, the hippocampus was
obtained under urethane anesthesia (1.5 g/kg, ip.). Tissues
and isolated astrocytes were homogenized, and the protein
concentration in the supernatant was determined using a
Micro BCA Protein Assay Kit (Pierce Chemical, Rockford,
IL, USA). Western blot was performed by the standard
protocol. Briefly, the aliquots were loaded into a poly-
acrylamide gel. After electrophoresis, gels were transferred
to nitrocellulose transfer membranes. Membranes were
incubated with primary antibody. Thereafter, membranes
were reacted with a HRP-conjugated secondary antibody
and ECL kit (GE Healthcare, Piscataway, NJ, USA). The
bands were detected and quantified on ImageQuant
LAS4000 system (GE Healthcare, Piscataway, NJ, USA). The
rabbit anti-B-actin primary antibody (1:5000) was used as an
internal reference. Intensity measurements were represented
as the mean gray-scale value and normalized against -actin.

Double immunofluorescence study

Control and test animals were perfused via the
ascending aorta with 200 ml of 4% paraformaldehyde in
phosphate buffer (PB). The brains were removed and
cryoprotected by infiltration with 30% sucrose overnight.
Thereafter, the tissues were sectioned with a cryostat at
30 um thickness and the consecutive sections were col-
lected in 6-well plates containing PBS. Sections were
incubated in a mixture of antisera (glial fibrillary acidic
protein (GFAP) 4+ HSPB1, GFAP + LAMP1, GFAP + p-
ULK1-S555, or GFAP + SH3GLB1) in PBS containing
0.3% Triton X-100 overnight at room temperature. After
washing, the sections were incubated in a mixture of
FITC- and Cy3-conjugated IgG (or streptavidin, Jackson
Immunoresearch Laboratories Inc., USA; diluted 1:250)
for 2 h at room temperature. In addition, TUNEL staining
was performed with the TUNEL apoptosis detection kit
(Upstate, Lake Placid, NY, USA), according to the man-
ufacturer’s protocol (http://www.upstate.com). Following
the TUNEL reaction, double fluorescent staining was
performed as the same methods aforementioned. To
establish the specificity of immunostaining, a negative
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control test was carried out with pre-immune serum,
instead of the primary antibody. No immunoreactivity was
observed for the negative control in any structures. All
experimental procedures in this study were performed
under the same condition and in parallel. Images were
captured using an Axiolmage M2 microscope. Fluor-
escent intensity was measured using computer-based
image analysis program (AxioVision Rel. 4.8 software,
Germany). Fluorescent intensity was then standardized by
setting the threshold level (mean background intensity
obtained from 5 image input). Manipulation of the images
was restricted to threshold and brightness adjustments to
the whole image. In addition, images of the hippocampus
were captured (five sections per each animal), and the
areas of interest (1 x 10° um?) were selected. Thereafter,
two different investigators performed TUNEL-positive
cell counts.

Statistics

All data were analyzed using two-tailed Student’s -test
or one-way ANOVA to determine statistical significance.
Bonferroni’s test was used for post-hoc comparisons. A p-
value <0.05 was considered statistically significant’.

Acknowledgements

This study was supported by a grant from the National Research Foundation of
Korea (NRF) (grant no. 2013RTA6A3A04058272, 2015R1A2A2A01003539,
2018R1C1B6005216 and 2018R1A2A2A05018222).

Author contributions

J-EK and T-CK designed and supervised the project. J-EK and T.-CK.
performed the experiments described in the manuscript with A-RK, H-WH.
and S-JM. J-EK and T-CK. analyzed the data and wrote the manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https.//doi.org/
10.1038/541419-018-0586-x).

Received: 22 January 2018 Revised: 4 April 2018 Accepted: 12 April 2018
Published online: 10 May 2018

References

1. Jékel, S. & Dimou, L. Glial cells and their function in the adult brain: a
journey through the history of their ablation. Front. Cell. Neurosci. 11, 24
(2017).

2. Wilhelmsson, U. et al. Redefining the concept of reactive astrocytes as cells
that remain within their unique domains upon reaction to injury. Proc. Natl.
Acad. Sci. USA 103, 17513-17518 (2006).

3. Kang, T. C et al. Epileptogenic roles of astroglial death and regeneration in the
dentate gyrus of experimental temporal lobe epilepsy. Glia 54, 258-271
(2006).

4. Kim, J. E et al. Pyridoxal-5-phosphate phosphatase/chronophin induces
astroglial apoptosis via actin-depolymerizing factor/cofilin system in the rat
brain following status epilepticus. Glia 58, 1937-1948 (2010).


http://www.upstate.com
https://doi.org/10.1038/s41419-018-0586-x
https://doi.org/10.1038/s41419-018-0586-x

Kim et al. Cell Death and Disease (2018)9:546

20.

21.

22.

23.

24,

25.

26.

27.

28

29.

Sugawara, T, Lewén, A, Noshita, N, Gasche, Y. & Chan, P. H. Effects of global
ischemia duration on neuronal, astroglial, oligodendroglial, and microglial
reactions in the vulnerable hippocampal CAT subregion in rats. J. Neuro-
trauma 19, 85-98 (2002).

Liu, D. et al. Astrocytic demise precedes delayed neuronal death in focal
ischemic rat brain. Brain Res. Mol. Brain Res. 68, 29-41 (1999).

Olabarria, M, Noristani, H. N, Verkhratsky, A. & Rodriguez, J. J. Concomitant
astroglial atrophy and astrogliosis in a triple transgenic animal model of
Alzheimer's disease. Glia 58, 831-838 (2010).

Penfield, W. Neuroglia and microglia — the interstitial tissue of the central
nervous system. In: Cowdry E. V. editor. Special Cytology, the Form and Function
of the Cell in Health and Disease (Hoeber, New York, 1928) p. 1033-1068.
Ryu, H. J. et al. F-actin depolymerization accelerates clasmatodendrosis via
activation of lysosome-derived autophagic astroglial death. Brain. Res. Bull. 85,
368-373 (2011).

Kim, J. E, Kim, Y. J, Kim, J. Y. & Kang, T. C. PARP1 activation/expression
modulates regional-specific neuronal and glial responses to seizure in a
hemodynamic-independent manner. Cell Death Dis. 5, 1362 (2014).

Ko, A. R, Hyun, H. W, Min, S. J. & Kim, J. E. The differential DRP1 phosphor-
ylation and mitochondrial dynamics in the regional specific astroglial death
induced by status epilepticus. Front. Cell. Neurosci. 10, 124 (2016).

Kim, J. E, Hyun, H. W, Min, S. J. & Kang, T. C. Sustained HSP25 expression
induces clasmatodendrosis via ER Stress in the rat hippocampus. Front. Cell.
Neurosci. 11, 47 (2017).

Kim, D. S. et al. Spatiotemporal characteristics of astroglial death in the rat
hippocampo-entorhinal complex following pilocarpine-induced  status epi-
lepticus. J. Comp. Neurol. 511, 581-598 (2008).

Kim, J. E. et al. Differential expressions of aquaporin subtypes in astroglia in the
hippocampus of chronic epileptic rats. Neuroscience 163, 781-789 (2009).
Ryu, H. J, Kim, J. E, Yeo, S. | & Kang, T. C. p65/RelA-Ser529 NF-kB subunit
phosphorylation induces autophagic astroglial death (Clasmatodendrosis)
following status epilepticus. Cell. Mol. Neurobiol. 31, 1071-1078 (2011).

Kim, J. E. & Kang, T. C. The P2X7 receptor-pannexin-1 complex decreases
muscarinic acetylcholine receptor-mediated seizure susceptibility in mice. J.
Clin. Invest. 121, 2037-2047 (2011).

Kim, J.E, Ryu, H. J, Yeo, S. I. & Kang, T. C. P2X7 receptor differentially modulates
astroglial apoptosis and clasmatodendrosis in the rat brain following status
epilepticus. Hippocampus 21, 1318-1333 (2011).

Haslbeck, M. sHsps and their role in the chaperone network. Cell. Mol. Life Sci.
59, 1649-1657 (2002).

Goldbaum, O, Riedel, M, Stahnke, T. & Richter-Landsberg, C. The small heat
shock protein HSP25 protects astrocytes against stress induced by proteaso-
mal inhibition. Glia 57, 1566-1577 (2009).

Che, Y, Piao, C. S, Han, P. L. & Lee, J. K. Delayed induction of alpha B-crystallin
in activated glia cells of hippocampus in kainic acid-treated mouse brain. J.
Neurosci. Res. 65, 425-431 (2001).

Kirschstein, T. et al. The 27-kDa heat shock protein (HSP27) is a reliable hip-
pocampal marker of full development of pilocarpine-induced status epi-
lepticus. Epilepsy Res. 98, 35-43 (2012).

Cuesta, R, Laroia, G. & Schneider, R. J. Chaperone hsp27 inhibits translation
during heat shock by binding elF4G and facilitating dissociation of cap-
initiation complexes. Genes Dev. 14, 1460-1470 (2000).

Janen, S. B, Chaachouay, H. & Richter-Landsberg, C. Autophagy is activated by
proteasomal inhibition and involved in aggresome clearance in cultured
astrocytes. Glia 58, 1766-1774 (2010).

Eskelinen, E. L. et al. Disturbed cholesterol traffic but normal proteolytic
function in LAMP-1/LAMP-2 double-deficient fibroblasts. Mol. Biol. Cell 15,
3132-3145 (2004).

Huynh, K. K et al. LAMP proteins are required for fusion of lysosomes with
phagosomes. EMBO J. 26, 313-324 (2007).

Eskelinen, E. L. Roles of LAMP-1 and LAMP-2 in lysosome biogenesis and
autophagy. Mol. Aspects Med. 27, 495-502 (2006).

Bertolotti, A, Zhang, Y, Hendershot, L. M, Harding, H. P. & Ron, D. Dynamic
interaction of BiP and ER stress transducers in the unfolded-protein response.
Nat. Cell Biol. 2, 326-332 (2000).

Matsumoto, H. et al. Selection of autophagy or apoptosis in cells exposed to
ER-stress depends on ATF4 expression pattern with or without CHOP
expression. Biol. Open 2, 1084-1090 (2013).

Kouroku, Y. et al. ER stress (PERK/elF2alpha phosphorylation) mediates the
polyglutamine-induced LC3 conversion, an essential step for autophagy for-
mation. Cell Death. Differ. 14, 230-239 (2007).

Official journal of the Cell Death Differentiation Association

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Page 15 of 16

Mai, S, Muster, B, Bereiter-Hahn, J. & Jendrach, M. Autophagy proteins LC3B,
ATG5 and ATG12 participate in quality control after mitochondrial damage
and influence lifespan. Autophagy 8, 47-62 (2012).

Lin, M. G. & Hurley, J. H. Structure and function of the ULKT complex in
autophagy. Curr. Opin. Cell Biol. 39, 61-68 (2016).

Jung, C. H, Ro, S. H, Cao, J, Otto, N. M. & Kim, D. H. mTOR regulation of
autophagy. FEBS Lett. 584, 1287-1295 (2010).

Bian, S. et al. P2X7 integrates PI3K/AKT and AMPK-PRAS40-mTOR signaling
pathways to mediate tumor cell death. PLoS ONE 8, e60184 (2013).

Yang, J. et al. GSK-3beta promotes cell survival by modulating Bif-1-dependent
autophagy and cell death. J. Cell Sci. 123, 861-870 (2010).

Wu, R. et al. Hsp27 regulates Akt activation and polymorphonuclear leukocyte
apoptosis by scaffolding MK2 to Akt signal complex. J. Biol. Chem. 282,
21598-21608 (2007).

Son, T. W. et al. Netrin-1 protects hypoxia-induced mitochondrial apoptosis
through HSP27 expression via DCC- and integrin a6B4-dependent Akt, GSK-
3B, and HSF-1 in mesenchymal stem cells. Cell Death Dis. 4, €563 (2013).
Xavier, |. J. et al. Glycogen synthase kinase 3beta negatively regulates both
DNA-binding and transcriptional activities of heat shock factor 1. J. Biol. Chem.
275, 29147-29152 (2000).

Qesterreich, S, Hickey, E, Weber, L. A. & Fuqua, S. A. Basal regulatory promoter
elements of the hsp27 gene in human breast cancer cells. Biochem. Biophys.
Res. Commun. 222, 155-163 (1996).

Porter, W, Wang, F, Wang, W, Duan, R. & Safe, S. Role of estrogen receptor/
Sp1 complexes in estrogen-induced heat shock protein 27 gene expression.
Mol. Endocrinol. 10, 1371-1378 (1996).

Gaestel, M, Gotthardt, R. & Mller, T. Structure and organisation of a murine
gene encoding small heat-shock protein Hsp25. Gene 128, 279-283 (1993).
Frohli, E, Aoyama, A. & Klemenz, R. Cloning of the mouse hsp25 gene and an
extremely conserved hsp25 pseudogene. Gene 128, 273-277 (1993).
Chuang, J. Y. et al. Sp1 phosphorylation by cyclin-dependent kinase 1/cyclin
B1 represses its DNA-binding activity during mitosis in cancer cells. Oncogene
31, 4946-4959 (2012).

Milanini-Mongiat, J, Pouysségur, J. & Pages, G. Identification of two Sp1
phosphorylation sites for p42/p44 mitogen-activated protein kinases: their
implication in vascular endothelial growth factor gene transcription. J. Biol.
Chem. 277, 20631-20639 (2002).

Gendron, F. P. et al. Mechanisms of P2X7 receptor-mediated ERK1/2 phos-
phorylation in human astrocytoma cells. Am. J. Physiol. Cell Physiol. 284,
C571-C581 (2003).

Lim, S. C. et al. Implication of PI3K-dependent HSP27 and p53 expression in
mild heat shock-triggered switch of metabolic stress-induced necrosis to
apoptosis in A549 cells. Int. J. Oncol. 36, 387-393 (2010).

Tang, G. et al. Autophagy induced by Alexander disease-mutant GFAP
accumulation is regulated by p38/MAPK and mTOR signaling pathways. Hum.
Mol. Genet. 17, 1540-1555 (2008).

Rozmer, K. et al. Pilocarpine-induced status epilepticus increases the sensitivity
of P2X7 and P2Y1 Receptors to nucleotides at neural progenitor cells of the
juvenile rodent hippocampus. Cereb. Cortex 27, 3568-3585 (2017).

Engel, T. et al. Seizure suppression and neuroprotection by targeting the
purinergic P2X7 receptor during status epilepticus in mice. FASEB J. 26,
1616-1628 (2012).

Takenouchi, T. et al. The activation of P2X7 receptor impairs lysosomal func-
tions and stimulates the release of autophagolysosomes in microglial cells. J.
Immunol. 182, 2051-2062 (2009).

Nafar, F, Williams, J. B. & Mearow, K. M. Astrocytes release HspB1 in response to
amyloid-3 exposure in vitro. J. Alzheimers Dis. 49, 251-263 (2016).

Wang, C. M, Chang, Y. Y. & Sun, S. H. Activation of P2X7 purinoceptor-
stimulated TGF-beta 1 mRNA expression involves PKC/MAPK  signalling
pathway in a rat brain-derived type-2 astrocyte cell line, RBA-2. Cell. Signal. 15,
1129-1137 (2003).

Tsao, H. K, Chiu, P. H. & Sun, S. H. PKC-dependent ERK phosphorylation is
essential for P2X7 receptor-mediated neuronal differentiation of neural pro-
genitor cells. Cell Death Dis. 4, 751 (2013).

Seo, H. R. et al. Heat shock protein 25 or inducible heat shock protein 70
activates heat shock factor 1: dephosphorylation on serine 307 through
inhibition of ERK1/2 phosphorylation. J. Biol. Chem. 281, 17220-17227
(2006).

Ding, W. X. et al. Linking of autophagy to ubiquitin-proteasome system is
important for the regulation of endoplasmic reticulum stress and cell viability.
Am. J. Pathol. 171, 513-524 (2007).



Kim et al. Cell Death and Disease (2018)9:546

55.

56.

57.

58.

59.

60.

61.

62.

Weidberg, H, Shvets, E. & Elazar, Z. Biogenesis and cargo selectivity of
autophagosomes. Annu. Rev. Biochem. 80, 125-156 (2011).

Szymanska, P, Martin, K R, MacKeigan, J. P, Hlavacek, W. S. & Lipniacki, T.
Computational analysis of an autophagy/translation switch based on mutual
inhibition of MTORC1 and ULK1. PLoS ONE 10, 0116550 (2015).

Marin, J. J, Lozano, E. & Perez, M. J. Lack of mitochondrial DNA impairs
chemical hypoxia-induced autophagy in liver tumor cells through ROS-AMPK-
ULK1 signaling dysregulation independently of HIF-1a. Free Radic. Biol. Med.
101, 71-84 (2016).

Yao, J. et al. Ultraviolet (UV) and hydrogen peroxide activate ceramide-ER
stress-AMPK signaling axis to promote retinal pigment epithelium (RPE) cell
apoptosis. Int. J. Mol. Sci. 14, 10355-10368 (2013).

Han, J. J. et al. ER-stress-induced transcriptional regulation increases protein
synthesis leading to cell death. Nat. Cell Biol. 15, 481-490 (2013).

Sancak, Y. et al. PRAS40 is an insulin-regulated inhibitor of the mTORCT protein
kinase. Mol. Cell 25, 903-915 (2007).

Mahajan, K. & Mahajan, N. P. PI3K-independent AKT activation in cancers: a
treasure trove for novel therapeutics. J. Cell. Physiol. 227, 3178-3184 (2012).
Konishi, H. et al. Activation of RAC-protein kinase by heat shock and hyper-
osmolarity stress through a pathway independent of phosphatidylinositol 3-
kinase. Proc. Natl Acad. Sci. USA 93, 7639-7643 (1996).

Official journal of the Cell Death Differentiation Association

63.

65.

66.

67.

68.

69.

Page 16 of 16

Konishi, H. et al. Activation of protein kinase B (Akt/RAC-protein kinase) by
cellular stress and its association with heat shock protein Hsp27. FEBS Lett. 410,
493-498 (1997).

Sato, S, Fujita, N. & Tsuruo, T. Modulation of Akt kinase activity by binding to
Hsp90. Proc. Natl. Acad. Sci. USA 97, 10832-10837 (2000).

Murashov, A. K. et al. Crosstalk betweenp38, Hsp25 and Akt in spinal motor
neurons after sciatic nerve injury. Brain. Res. Mol. Brain. Res. 93, 199-208
(2001).

Rane, M. J. et al. Heat shock protein 27 controls apoptosis by regulating Akt
activation. J. Biol. Chem. 278, 27828-27835 (2003).

Mistafa, O., Ghalali, A, Kadekar, S, Hogberg, J. & Stenius, U. Purinergic receptor-
mediated rapid depletion of nuclear phosphorylated Akt depends on pleck-
strin homology domain leucine-rich repeat phosphatase, calcineurin, protein
phosphatase 2A, and PTEN phosphatases. J. Biol. Chem. 285, 27900-27910
(2010).

Takahashi, Y. et al. Bif-1 interacts with Beclin 1 through UVRAG and regulates
autophagy and tumorigenesis. Nat. Cell Biol. 9, 1142-1151 (2007).

Cohen, P. & Frame, S. The renaissance of GSK3. Nat. Rev. Mol. Cell Biol. 2,
769-776 (2001).



	P2RX7-MAPK1/2-SP1 axis inhibits MTOR independent HSPB1-mediated astroglial autophagy
	Introduction
	Results
	P2rx7 deletion evokes prolonged astroglial HSPB1 induction and astroglial autophagy without change in seizure susceptibility in response to KA
	Prolonged HSPB1 induction promotes ER stress-mediated autophagy in P2rx7-deleted astrocytes
	P2rx7 deletion promotes ULK1-mediated autophagy independent of MTOR
	P2rx7 deletion induces SH3GLB1-mediated autophagy by the enhanced AKT1-S473 phosphorylation
	P2rx7 deletion induces prolonged HSPB1 expression by reduction in MAPK1/2-mediated SP1 phosphorylation

	Discussion
	Methods
	Experimental animals and chemicals
	Seizure induction and infusions of drug and siRNA oligonucleotide
	Electrophysiology
	Astroglial isolation
	Western blot
	Double immunofluorescence study
	Statistics

	ACKNOWLEDGMENTS




