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ABSTRACT

Theprotein kinaseR (PKRJike endoplasmicreticulum (ERkinase(PERK)a key ERstresssensorof the unfolded
protein response(UPR)can confer beneficial effects by facilitating the removal of cytosolicaggregateghrough
the autophagylysosomepathway (ALP).In neurodegenerativediseasesthe ALPamelioratesthe accumulatior
of intracellular protein aggregatesin the brain. Transcriptionfactor-EB(TFEB)a master regulator of the ALP
positively regulateskey genesinvolved in the cellular degradative pathway. However,in neurons,the role of
PERKactivation in mitigating amyloidogenesisy ALPremainsunclear. In this study, we found that SB20219
selectively activates PERKindependently of its inhibition of p38 mitogen-activated protein kinase, but not
inositol-requiring transmembrane kinase/endoribonucleasav h 6 L w)9am Bctivating transcription factor 6
(ATF6),in human neuroblastoma cells. PERKactivation by SB202190vas dependent on mitochondrial RO
production and promoted C&*-calcineurin activation. The activation of the PERKC&*-calcineurin axis by
SB20219(positively affects TFEBactivity to increaseALPin neuroblastomacells. Collectively,our study reveals
a novel physiologicalmechanismunderlying ALPactivation, dependent on PERKactivation, for amelioratinc
amyloidogenesisn neurodegenerativediseases.

INTRODUCTION chemical process in which a soluble protein is converted
into insoluble and fibrillar protein aggregatfy 3].

Amyloids are a highly organized form of protein Accumulated aggregated proteins, such as amyioid

aggregation  typically associated with human  (Ab )can trigger endoplasmic reticulum (ER) strasd

neuropathies, including A leadhte manmg nedireodegehérativee adissealids]. (ERD)
Parkinsonds diseases ( PD) ,stressmocturringuimneuradegeneratidediseasessaetivatee s
(HD) [1]. Under various pathological conditions, all three pathways of the mammalian unfolded protein

amyloid fibrils arise from amyloidogenesis as a -bio response (UPR), each represented by its unique UPR
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sensor: PKRike ER kinase (PERK)[8], inosito}
requiring transmembrane kinase/endoribonucldike
(IRE1U) [9] and activating transcription factor 6 (ATF6)
[10]. However, it has become evident that the PERK
pathway exerts a major role in the resolution of
aggregated protein cytotoxicitPERK adivation by ER
stress mitigates cerebralbaccumulation by reducing
b-secretasd levels and cognition deficits in A[L1,
12]. Moreover, UPR induction leads to the
accumulationUsynuclein (}syn) that contributes to
neurodegeneration io-synucleinopaties [13]. Beyond

its canonical role in the UPR, PERK as a structural
tether of the mitochondrassociated ER membrane
(MAMs), serves as a physical and functional connection
between the ER and the mitochonddd, 15] PERK
signaling facilitates Ca efflux from the ER, and
increases mitochondrial &a levels, leading to
increased generation of mMtRQ$6]. The increase of
cytosolic C&" levels by PERK [16] activates
calcineurin, a Cd and calmodulirdependent phospha
tase[17]. In particular, the interaction of PERK and
calcineurin in astrocytes promotes cell survival after
acute brain injuriegl8].

Neurodegerative dis@ase is strongly associated with
defects in the autophagysosomal pathway (ALP)
[19]. Moreover, the clegance of intracellular aggregates

in the brain typically improves symptoms of
neurodegenerative diseases such as AD, PD, and HD
[20, 21] ALP has been widely demonstrated to
ameliorate pathology in these diseaf#& 24]. TFEB,

a global regulator of ALP,sia basic helbtoop-helix
leucine zipper transcription factor dhe MIT/TFE
family [25]. TFEB binds a promoter motif responsible
for coordinating the expression of lysosomal genes;
identified as the coordinated lysosomal expression and
regulation (CLEAR)element[26]. In addition, TFEB
regulates autophagy through enhancing autophagosome
formation and autophagososysosome fusion[27].
Stress conditions, such as starvation or exposure to ER
stressinducing agents, result in translocation of TFEB
to the nweleus, where it promotes transcription of its
target geneg26, 27] TFEB nuclear translocation is
associated with its phosphorylation std&7]. The
increase of CH levels lead to the activation of the
phosphatase calcineurin, which dephosphorylates
TFEB, resulting in TFEB nuclear translocation and the
transcription of target gendg28]. Enhancing the ALP
through TFEB overexpression has marked beneficial
effects in ameliorating amyloidogenesis in neuro
degenerative diseasi?, 23, 26]

We demonstratbere that PERK activation can mitigate
amyloidogenesis through promoting the ALP.
SB202190, previously identified as a p38 MAPK
inhibitor, increaseshe TFEB-dependenALP via Ca*-

dependent calcineurin activation independent of p38
MAPK inhibition [29]. We describe a new function of
SB202190, demonstrating that this molecule can
activate PERK through mtROS production leading to
the release of Ca from the ER in human newo
blastoma cells. SB202196duced PERK activation
enhances TFEB nuclear translooati leading to
activation of the ALP. Finally, we demonstrate that
PERK activation, as a novel target of SB202190,
promotes the degradation of APPlsyn accumulation
via ALP in SHSY5Y cells. These studies confirm the
feasibility of PERK pathway targetj as a therapeutic
approach for neurodegenerative diseases.

RESULTS
SB202190 activates the PERK/elRIATF4 pathway

Our previous data have suggested that PERK activation
can promote calcineurddependent TFEB nuclear
translocation, and subsequent increases in autophagy
and lysosomatelated gene expressidB0]. A recent
study has found that, among several known p38 KIAP
inhibitors, only SB202190 can promote autophagy and
lysosomal biogenesis[29]. These effects were
dependent on calcineurin rather thaa the inhibition

of p38 MAPK [29]. In this study, we investigated the
mechanisms by which SB202190 can induce autppha
and lysosomal biogenesis, and the underlying role of
C&* and PERK signaling in the response. We first
assessed whether SB202190 activates PERK in various
cells. SB202190 increased PERK activation in a dose
dependent manner in HEK293 cells (Figure 1Aje
also confirmed that the activation of PERK by
SB202190 was independent of p38 MAPK, by using
SiRNA targeting p38 MAPK (sp38 MAPK). PERK
activation by SB202190 or thapsigargin (Tg), an
inhibitor of ER stress, was similar in both the scrambled
control RNA (scRNA}transfected and 438 MAPK-
transfected SFBY5Y cells (Supplementary Figurb).

In addition, PERK as well as its downstream targets,
elF20 and ATF4, were activated by SB202190
treatment. This observation was similar to the effect
elicited by Tg,an inhibitor of the ER C&ATPase,
used as a positive control (Figure 1B). Tg induces a
higher degree of phosphorylation of PERK than elicited
by SB202190, which results in an apparent upward shift
in the mobility of the PERK band. To confirm the
requirenent of PERK activation in the downstream
effects of SB202190 treatment, including elFand
ATF4 activation, HEK293 cells were pretreated with a
PERK inhibitor (GSK2606414). The inhibition of
PERK with GSK2606414 attenuated the activation of
elF20and ATH in response to SB202190 (Figure 1B).
To investigate the effects of PERK activation in
neuronal cells, the human neuroblastoma cell line SH
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SY5Y was treated with SB202190. We found that Perk’” mice, but notPerk” mice (Figure 1D). To
SB202190 activated the PERK signaling pathway in assess whether SB202190 can activate the other

control siRNAtranskcted cells, but not in SBY5Y branches of the UPRi.¢.,1 RE1U and ATFG6
cells subjected to siRNediated PERK knockdown analyzed the levels of Xbpl splicing and GRP78
(Figure 1C). Consistent with observations in-SM5Y expression in SB20219Peated SHSYS5Y cells. Both

cells, treatment with SB202190 induced the activation Xbpl splicing and GRP78 expression were not affected
of the PERK pathway in MEF cells isolated from by SB202190 treatment but were responsive to Tg
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Figure 1. SB202190 activates tRERK/elFZ/ATF4 pathway(A) HEK293 cells were treated with SB202190 (0, 5, 10, anblipor 6
h. PERK phosphorylation was determined by western blotting. QuantificatioP&RK is shown in the right pan@&) HEK293 cells were
incubated with SB20219(10 and 20>M) for 6 h after pretreatment with or without the PERK inhibitor, GSK26064M{lfor 1 h.
Thapsigargin (Tg,>2M) was used as a positive control. Cell lysates were used for western blotting analysREBRKp PERKelF2, elF2,
and AF4 (© For knockdown oPerk SHSY5Y cells were transfected with control sSiRNA (scRNAYerkfir 48 h and then treated with
different doses (10 and 28M) of SB202190 (SB) or Tg>2) for 6 h. Cell lysates were measured for PERK activatiarestern blot using
the indicated antibodies.[) Perk’* and Perk’- MEFs were treated with SB202190 (10 and>Bf) for 6 h or Tg (2M). The levels of PERK,
PERK,gIF2, elF2, and ATF4 were measured by western blottirify. SJHSY5Y cells were treatedth SB202190 (10 and 20M) or Tg (2
>M) for 6 h.Xbp1 splicing andsrp78expression were detected by ®ICR.K G) Hepatocytes isolated frornelh ++, Irelh /- (P or Atfeh ++,
and Atfe" - (G) mice were treated with SB2021900 and 20>M) for 6 h to assess the levels of PERK phosphorylation and ATF4 expression
by western blotting. Quantification of-BERK is shown in the right pan&t, F, G). Data are meat SD 1§=3); *<0.05, **<0.01, and
** p<0.001.
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treatment (Figure 1E). The activation of the PERK  activation was mediated by m@ in human neuronal
pathway by SB202190 was not affected by genetic cells. In SHSY5Y cells, treatment with SB202190
deficiency of | RE1U or AT FR®6hante# i ngROSe levélF ,as Hedepted Using she
results demonstrate that SB202190 can selectively mitochondrial superoxide indicator MitoSOX and
induce activation of the PERK dmch of the UPR, but analyzed by either confocal microscopy (Figure 2A)
not the | RE1U or ATF6 br an andEACS (Figuret2B)eCotv&dely, SB2021680Lced
MtROS levels were diminished in cells treated with
PERK activation with SB202190 is induced by MitoTEMPO, an mtROS scavenger (Figure 2A 2B). In
MtROS production accordance with observations in SY¥5Y cells, we
confirmed that SB202190 enhanced the generation of
Low levels of mtROScan selectively activate the MtROS in HEK293 cells (Supplementary Figure 2A).
PERK/ el F2U/ ATF4 axis t-o p Toedetermne whetherl SB202180 treadtmemh edivates
stasis[30i 33]. Modulation of the PERK pathway may the PERK pathwayvia mtROS, the levels of

protect against neurodegeneratipf). Thus, we first phosphoryl ation of PERK,
investigated whether SB20218tduced PERK measured in MitoTEMP@eated SHSYS5Y and
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Figure 2. PERK activation with SB202190 is induced by ROS prodygticnSHSY5Y cells were treated with 381 SB202190 for 3

h in the presence or absence of MitoTEMPO (100 nM, JAhC¢€lls were stained with MitoS@éd), and then the nuclei were stained with
DAPI (blue). Images were acquired by confocal microscopy. Scale ben, ) mtROS was measured by flow cytometry. Fold changes in
MitoSOX intensity are indicated at right. Data are measD 1{=3); ***p<0.0M1. ) Western blotting was performed to detect the
phosphorylation of PERK, ellF2and ATF4.
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HEK293 cells. Scavenging mtROS efficiently reduced
PERK pathway activation in SB20218@ated cells
(Figure 2C and Supplementary FigiB). These data
demonstrate that SB202190 treatment is effective in
activating the PERK pathwayia mtROS generation,
specifically in neurons.

PERK is required for TFEB nuclear translocation
by SB202190

PERK is involved in translocation of TFEB into the
nucleus to induce the autophaggosomal pathway
(ALP) [30]. In neuronal cells, the activation of ALP by
an increase of TFEB nuclear translocation is critical to
ameliorate amyloidogenesi§Ve investigated whether
PERK regulates TFEB nuclear translocation in
SB202196treated SHSY5Y cells. SB202190 induced a
dosedependent increase in TFEB nuclear translocation,
as did starvation, compared to serfed cells (Figure
3A). TFE3 and TFEB are dbh members of the
microphthalmiaassociated transcription factor (MITF)
family of the basic helbtoop-helix zipper family of
transcription factors. Thus, we investigated the effects
of SB202190 on TFE3 nuclear translocation. Like
TFEB, the nuclear trarmtation of TFE3 was also
increased by SB202190 (Figure 3B). In human
microglial HMC3 cells, we confirmed that SB202190
enhanced TFEB nuclear translocation (Figure 3C). To
investigate the mechanism for the increase of TFEB
nuclear translocation by SB202190¢ used a PERK
inhibitor GSK2606414 or PERK knoaut MEF cells.
The inhibition of PERK with GSK2606414 prevented
the nuclear translocation of TFEBFP in response to
SB202190, indicating that SB20218€gyulated TFEB
activity is mediated by PERK (Figure D3 In
agreement with observations in PERK inhibiterated
cells, genetic deficiency of PERK abolished SB202190
induced TFEB nuclear translocation (Figure 3E). In
contrast to the requirement for PERK in SB202190
induced TFEB activity; inhibition of mTORwith
Torinl treatment promoted TFEB nuclear translocation
in a manner independent of PERK. Conversely, Tg
treatment inhibited TFEB nuclear translocation
consistent with a previous repd@8]. These results
demonstrate that TFEB nuclear translocation gslired

for PERK activation in response to SB202190.

The PERK-Ca?*-calcineurin pathway is required for
SB202196induced TFEB nuclear translocation

We next investigated whether SB202486uced
PERK activation triggers Carelease from the ER. In
our prevous study, we demonstrated that PERK
activation induces the increase of cytosolicz*d&0].
Consistent with that finding, SB2021-@tduced PERK
activation increased cytosolic €an a dosedependent

manner (Figure 4A). Conversely, the PERK inhibitor
GSK2606414 inhibited the cytosolic &aincrease
caused by SB202190 (Figure 4B). The increase of
cytosolic C&" in SB20219@reated cells was verified
using Flue4AM (Figure 4C). In cells loaded with Fluo
4AM in the presence of SB202190, ‘Cédevels were
deceased by treatment with GSK26064(Hgure 4C).
These results suggest that the SB20zZh@80ced
increase in cytosolic Calevels is mediatedia PERK
activation. TFEB activity is regulated by phospho
rylation [34], which retains inactive TFEB in the
cytodasm. In contrast, when dephosphorylated by the
phosphatase calcineurin, TFEB translocates to the
nucleus to activate transcriptional target gg28% We
have also reported that PERK activation induceé-Ca
calcineurindependent TFEB regulation[30]. To
explore the mechanisms of SB202480uced TFEB
nuclear translocation, SBY5Y cells, in the presence
of SB202190, were emcubated with the calcineurin
inhibitors, FK506, or cyclosporin A (CsA). SB202190
induced TFEB nuclear translocation was supprebged
FK506 (Figure 4D) and CsA (Figure 4E). These results
suggest that calcineurin is partially involved in
SB202196induced TFEB nuclear translocation. We
confirmed that calcineurin inhibitors block SB202190
induced TFEB nuclear translocation in -SY5Y cels
expressing TFEBsFP (Figure 4E). These results, taken
together, implicate an important role of the PERE*-
calcineurin pathway in SB202190duced TFEB
activation in human neuroblastoma cells.

PERK activation by SB202190 facilitates autophagy
and lysosome biogenesiga TFEB activation

Coordination of the multiple steps in the ALP requires
TFEB as a master regulati®1]. The main function of
TFEB was identified in coordinating autophagy through
regulating autophagosome fieation and auto
phagosomdysosome fusiorj27]. TFEB also promotes
cellular clearance through lysosomal exocytosis, a
process mediated by activation of the lysosomal* Ca
channel MCOLN1 [35]. To investigate whether
SB202196induced TFEB activation enhancethe
activation of the autophagysosomal axis, we first
measured LC3Bl and p62 levels. Consistent with a
previous study{29], SB202190increased théevels of
LC3B-Il and decreased p62 expression in a dose
dependent manner (Figure 5A and Supplementary
Figure 3A). To further investigate the effect of
SB202190 on autophagy flux, we analyzed auto
phagosome (yellow puncta) and autolysosome (red
puncta) in SHSY5Y cells transfected with the
mCherryEGFRLC3 reporter. Autolysosome levels
were increased by SB2190 and were further enhanced
following chloroquine (CQ) treatment (Figure 5B).
Moreover, LC3BII conversion in the presence of CQ
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Figure 3. PERK is required for TFEB nuclear translocation by SB2QR1B0OSHSY5Y cells were treated with SB202190 at the
indicated concentrations (5, 10, and 2M) for 4 h and subjected to nuclear and cytosolic fractionatié).Resulting fractions were then
detected with antibody against TFEB. Starvation (STV) was ugesiage control. PARP armdtubulin were used as nuclear and cytosolic
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The translocation of TFE3 wasalyzed by western blottingl( The human microglial HMC3 cells were treated with SB202190 (0, 5, 10, and 20
>M) for 6 h. Toridl ( ™) treatment was used as a positive control. The fractionated HMC3 cells were evaluated for TFEB translocation by
western blotting (left). Quantification of TFEB translocation was analy@zight). Data are mear: SD 1§=3), ***p<0.001.(D) TFEEGFP
transfected SEBYS5Y cells were treated with 2M SB202190 in the presence or absence of the PERK inhibitor (GSK26064 TEhrB3Kan
mMTOR inhibitor, was used as a positive control. The fluorescence of TFEB was visualized by confocal rtiefthsBople bar: 16m. Cells

were evaluated to calculate the percentage of cells showing nuclear TFEB localizatidd.cells gr condition(right). Data are mear: SD;
**p<0.01 and **p<0.001. E) Perk™ and Perk’- MEFs were treated with SB202190 (10 and>R0) for 6 h or Tg (ZM). Torirl H M)
treatment was used as a positive control. Cells were detected with TFEB antibody in the nuclear and cytosol fractionrbilotistp(left).
Quantification of TFEB translocation was analy(zigtht). Data are meas SD1{=3), *<0.05; **p<0.01; ***p<0.001; NS, not significant.
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was greater than that observed in SB202téated
cells in the absence of chloroquine, suggesting that
SB202190 treatment stimulates

autophagic
(Figure 5C). Nek we examined whether the effect of

flux

SB202190 on lysosomal biogenesis is dependent on

PERK activation. We observed significant and dose

dependent increases in levels of lysosomal genes,
including cathepsin D, cathepsin B, LAMP1, MCOLNL1,
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Figure 5. PERK activation by SB202190 facilitates autophagy and lysosome biogenesis viacil\iBN. (A) SHSY5Y cells

were treated for 6 h with SB202190 (5, 10, and>R0) and subjected to western blotting by antibodies against p62 and LBBBHSY5Y

cells were transiently transfected with mChe®FPLC3 for 48 h and subsequently pretredtwith chloroquine (CQ, 18M) for 1 h, and

then treated with SB (26M) or Torinl (2>M) for 6 h. Cells were observed for fluorescence of both GFP and mCherry using confocal
microscopy. The number of autolysosomes (8FP) and autophagosomes (GIRFP) per cell in each condition were quantified. Data
represent meant SD; **<0.001. ) SHSY5Y cells were treated with CQ ¢N\) for 1 h beforeSB20219@20 >M) for 6 h. The levels of

LC3BI conversion were analyzed by western blottirg) To check of PERK dependence inlaRed genesPerk’ and Perk’- MEFs were

treated with SB20219@20 >M) for 6 h. Lysosomal genes (LAMP1, MCOLN1, TPP1, and CTSD) and autophagy gene (p62) measured by gRT
PCR. Data represent mearSD; **p<0.001, NSyot significant. EgH) SHSY5Y cells were transfected wiiifebfor 48 h and then treated

with SB20219@20>M) for 6 h. E) Cells were subjected to western blotting by using antibodies against(lpg#) LAMP1, p62, and LC3B
(lower). (A lysosomal genes, LAMP1, MCOLN1, and TPP1, were measured-BZR|R@ta are represented as mean SD; p<0.05,

*** p<0.001, NS, not significanG)(Samples were stained with Lysotracker Red. Representative image was obtained by confocal microscopy
(left). Scale bar, 16m. Quantification of lysosome intensity was determined by counting red pumigtht). Data represent mear SD;

*** pn<0.001, NS, not significantd)(LysoTracker fluorescence was measured by flow cytometry. Fold changes in LysoTrankdy iate
indicated at the right and are presented as mea8D (n=3); 1<0.01, NS, not significant.
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